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Sofia  D.  Merajver,  M.D.,  Ph.D. 

Annual  Report  for  Award  Number:  DAMD 17-00- 1-0345 
August  21,  2001 


Introduction: 

This  is  a  progress  report  for  a  project  that  aims  at  rmderstanding  the  genetic  determinants 
of  Inflammatory  Breast  Cancer  (IBC).  In  particular,  we  aim  to  discern  the  relative  role  of 
the  RhoC  GTPase  gene  as  well  as  a  gene  named  WISPS  (formally  LIBC)  in  the  specific 
phenotypic  characteristics  of  Inflammatory  Breast  Cancer.  We  have  made  significant 
progress  in  the  last  year  which  is  summarized  below. 

Body: 

The  major  thrust  of  our  year’s  work  has  been  in  understanding  the  functional  significance 
of  the  WISPS  gene  in  Inflammatory  Breast  Cancer.  An  accompanying  manuscript  is  now 
under  review.  Likewise,  we  have  published  one  report  dealing  with  the  expression  of  E- 
Cadherin  in  Inflammatory  Breast  Cancer.  Interestingly,  our  laboratory  group  was  able  to 
define  the  surprising  finding  that  E-Cadherin  expression  is  preserved  as  Inflammatory 
Breast  Cancer  cells  as  they  enter  into  the  dermal  lymphatics;  this  is  not  completely 
unexpected  but  somewhat  of  a  surprising  finding  given  that,  in  general,  E-Cadherin 
expression  is  associated  with  a  lower  metastatic  potential.  This  is  probably  an  erroneous 
generalization  and  it  does  not  apply  to  the  case  of  Inflammatory  Breast  Cancer,  where  the 
establishment  of  clumps  of  tumor  cells  that  plug  the  dermal  lymphatics  appears  to  require 
E-Cadherin  expression.  Another  aspect  of  our  work  has  been  on  understanding  RhoC 
signaling  and  how  RhoC  elicits  motility  and  angiogenesis  and  an  attached  manuscript  has 
been  prepared  as  a  report  and  is  now  submitted.  We  have  found  that  the  MAP  kinase  and 
p38  pathways  contribute  differentially  to  motility  and  angiogenesis  in  Inflammatory 
Breast  Cancer  mediated  by  RhoC. 

We  have  completed  a  study  on  the  effect  of  famesyl  transferase  inhibitors  on  RhoC 
manuscript  detailing  these  findings  is  nearing  completion. 

In  summary,  we  have  had  a  very  productive  year  where  we  have  completed  several 
manuscripts  dealing  with  key  aspects  of  the  regulation  of  RhoC  expression  in 
Inflammatory  Breast  Cancer  phenotypes  and  also  the  phenotypic  effects  of  RhoC 
overexpression.  In  addition,  we  have  completed  a  major  effort  in  understanding  the 
function  of  the  WISPS  gene  as  it  contributes  to  the  phenot5q)e  in  Inflammatory  Breast 
Cancer. 


Key  Research  Accomplishments: 

The  key  research  accomplishments  are  summarized  above  and  the  following  is  a  list  of 
new  manuscripts  and  abstracts  either  published  or  under  review  during  the  last  year.  We 
now  understand  how  RhoC  signals  inside  the  cell  to  elicit  motility  and  angiogenesis.  We 
have  made  significant  progress  in  our  understanding  of  how  WISPS  elicits  its  function  in 
breast  cancer. 

Reportable  Outcomes: 

We  are  in  a  position  to  definitively  state  that  the  angiogenic  and  motility  characteristics 
of  Inflammatory  Breast  Cancer  are  to  a  great  extent  due  to  the  RhoC  GTPase 
overexpression.  In  addition,  we  are  able  to  definitively  state  that  famesyl  transferase 
inhibitors  should  have  activity  against  RhoC  mediated  phenotypes  in  breast  cancer.  We 
are  working  on  defining  the  reportable  outcome  of  the  effect  of  RhoC  overexpression  and 
prognosis  in  early  stage  lesions,  but  that  work  is  still  ongoing. 

Conclusion: 

We  are  encouraged  by  our  progress  so  far  and  continue  to  proceed  with  more  specific 
functional  studies  of  the  signaling  pathways  that  WISPS  is  involved  in.  In  particular,  we 
wish  to  establish  the  relationship  between  WISPS  and  B-catenin  in  the  development  of 
resistance  to  apoptosis  in  cancer  cells.  We  will  report  on  those  findings  in  next  year’s 
annual  report. 
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E-cadherin  is  a  transmembrane  glycoprotein  that 
mediates  epithelial  cell-to-cell  adhesion.  Because 
loss  of  E-cadherin  expression  results  in  disruption 
of  cellular  clusters,  it  has  heen  postulated  that 
E-cadherin  functions  as  a  tumor  suppressor  pro¬ 
tein.  The  role  of  E-cadherin  in  inflammatory  breast 
cancer  (IBC),  a  distinct  and  highly  aggressive  form 
of  breast  cancer,  is  largely  unknown.  The  aim  of  our 
study  was  to  elucidate  \^ether  E-cadherin  expres¬ 
sion  contributes  to  the  development  and  progres¬ 
sion  of  the  IBC  phenotype  and  to  investigate  any 
differences  in  E-cadherin  expression  between  IBC 
and  stage-matched  non-IBG  Forty-two  breast  can¬ 
cer  cases  (20  IBC  and  22  non-IBC)  were  identified. 
Strict  and  vvell-accepted  criteria  were  used  for  the 
diagnosis  of  IBC.  Clinical  and  patholo^c  features 
were  studied,  and  formalin-fixed,  paraffin- 
embedded  tissue  sections  were  immunostained  for 
E-cadherin,  estrogen  and  progesterone  receptors 
(ER  and  PR,  respectively),  and  HEB2lneu.  Statistical 
analysis  was  performed'  using  Fisher’s  exact  test  All 
IBC  uniformly  expressed  E-cadherin,  whereas  15  of 
the  22  (68%)  of  the  non-EBC  es^ressed  the  protein 
(P  =  .006).  Intralymphatic  tumor  emboli  in  the  IBC 
cases  were  also  all  E-cadherin  positive.  Two  IBC 
tumors  demonstrated  invasive  lobidar  histology, 
and  both  cases  were  positive  for  E-cadherin.  Of  the 
non-IBC  cases,  three  were  invasive  lobular  carcino¬ 
mas,  and  all  were  positive  for  E-cadherin.  No  asso¬ 
ciation  was  found  between  E-cadherin  expression 
and  ER,  PR  status,  or  HER2/neu  overexpression. 
Our  study  demonstrates  that  there  is  a  strong  asso¬ 
ciation  between  E-cadherin  expression  and  IBC  and 
suggests  that  E-cadherin  may  be  involved  in  the 
pathogenesis  of  this  form  of  advanced  breast  can¬ 
cer.  In  our  study,  we  demonstrate  that  circulating 
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IBC  tumor  cells  strongly  express  E-cadherin, 
thereby  providing  an  important  exception  to  the 
positive  association  between  E-cadherin  loss  and 
poor  prognosis  in  breast  cancer. 

KEYWORDS:  Breast  cancer,  E-cadherin,  Inflamma¬ 
tory  breast  cancer.  Metastasis,  Tumor  emboli. 
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Ixiflammatory  breast  cancer  (IBC)  accounts  for  ap¬ 
proximately  6%  of  new  breast  cancers  in  the  United 
States  annually.  It  is  the  most  aggressive  and  lethal 
form  of  locally  advanced  breast  cancer,  with  a  mean 
5-year  disease-free  survival  rate  of  <45%  (1-3).  IBC 
has  unique  chnical  and  pathological  features.  Clin¬ 
ically,  patients  present  with  skin  erythema  and 
nodularity;  pathologically,  IBC  is  highly  angiogenic 
and  angioinvasive,  with  numerous  tumor  emboli 
filling  the  dermal  lymphatics.  These  tumor  emboli 
are  responsible  for  the  striking  clinical  picture  that 
arises  from  lymphatic  obstruction  (4-6). 

E-cadherin  is  a  transmembrane  glycoprotein  that 
mediates  calcium-dependent  intercellular  adhe¬ 
sion  and  is  specifically  involved  in  epithelial  ceU- 
to-cell  adhesion  (7).  Diminished  E-cadherin  expres¬ 
sion  has  been  related  to  the  acquisition  of 
invasiveness  in  experimental  tumors  and  in 
advanced-stage  carcinomas,  including  ductal  carci¬ 
nomas  of  the  breast  (7-12).  Several  studies  have 
shown  that  E-cadherin  expression  is  significantly 
reduced  in  high-grade,  estrogen  receptor  (ER)-neg- 
ative,  and  metastatic  breast  carcinomas  (10, 13, 14). 
Loss  of  E-cadherin  expression  tends  to  appear  in  a 
heterogeneous  pattern  within  carcinomas,  suggest¬ 
ing  that  loss  of  expression  of  E-cadherin  in  these 
tumors  is  a  potenticilly  reversible  somatic  alter¬ 
ation.  It  is  not  known  to  what  level  circulating  ma¬ 
lignant  cells  with  metastatic  potential  express 
E-cadherin. 

A  recent  study  reported  overexpression  of 
E-cadherin  in  IBC  both  in  human  and  in  an  IBC 
xenograft  model  in  SCID/nude  mice  (15).  Given  the 
unique  highly  metastatic  IBC  phenotype,  we  hy- 
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pothesized  that  IBC  would  exhibit  a  pattern  of 
E-cadherin  expression  distinct  from  stage  matched 
non-IBC.  In  addition,  the  high  propensity  of  IBC 
cells  to  invade  lymphatic  channels  makes  IBC  an 
interesting  model  to  study  E-cadherin  expression  in 
metastasis-enabled  circulating  cancer  cells. 


MATERIALS  AND  METHODS 

Patient  Selection 

IBC  and  non-IBC  patients  were  chosen  using  the 
computerized  clinical  database  and  by  prospective 
identification  of  newly  diagnosed  patients.  We 
identified  20  cases  of  IBC  and  22  cases  of  stage- 
matched  (Stages  III  and  IV)  non-IBC.  All  cases  were 
obtained  from  the  pathology  files  in  our  institution, 
and  hematoxylin  and  eosin-stained  slides  were 
available  for  review  in  all  cases.  Strict  and  weU- 
accepted  criteria  were  used  to  make  the  diagnosis 
of  IBC  (4-6).  Clinically,  ertthema  over  at  least  one 
third  of  the  breast  was  required.  t\1th  the  classical 
peau  d’orange  appearance  that  includes  skin  thick¬ 
ening  and  erythema,  with  or  without  nodularity. 
Although  the  diagnosis  of  IBC  is  primarily  clinical, 
all  the  IBC  cases  also  had  pathologically  demon¬ 
strable  tumor  emboli  in  the  dermal  lymphatic 
channels.  The  non-IBC  tumors  presented  as  either 
palpable  masses  or  mammographic  abnormahties 
without  skin  changes,  and  pathologically,  none  of 
these  cases  contained  dermal  hmphatic  tumor  em¬ 
boli.  as  assessed  in  nipple  sections  of  the  mastec¬ 
tomy  specimens. 

Immunohistochemistry 

E-cadherin  protein  expression  was  studied  by  im- 
munohistochemistty'  using  specific  monoclonal  an¬ 
tibodies  (Z\med  Laboratories,  San  Francisco,  G\). 
For  assessment  of  ER,  progesterone  receptor  (PR), 
and  HER2/  neu  expression,  specific  monoclonal  an¬ 
tibodies  for  ER  (Ventana  Medical  Systems,  Tucson, 
AZ),  PR  (D.AKO,  Carpinteria,  CA),  and  HER2/neu 
(Herceptest  from  D.AKO)  were  used  at  their  manu¬ 
facturers’  recommended  dilutions.  Immunohisto¬ 
chemistry  was  performed  as  previously  described 
using  an  automated  immunostainer  (Biotek  Tech- 
mate  500,  Ventana  Medical  Sv’stems;  16).  Briefly. 
S-^m-thick  sections  were  cut  onto  glass  slides  from 
formalin-fixed  paraffin  blocks.  Sections  were 
deparaffinized,  microwaved  (1000-watt  Model 
MTC1080-ZA;  Frigidaire,  Dublin.  OH)  in  a  pressure 
cooker  (Nordic  Ware.  Minneapolis,  MN)  with  1  L 10 
rrLM  citrate  buffer,  pH  6.0.  They  were  subsequently 
cooled  with  the  lid  on  for  an  additional  10  minutes. 
.After  removing  the  lid.  the  entire  pressure  cooker 
was  filled  with  cold  running  tap  water  for  2  to  3 
minutes  or  until  the  slides  were  cool.  At  36°C,  the 


Stainer  sequentially  added  an  inhibitor  of  endoge¬ 
nous  peroxidase,  the  primary  emtibodies  (32  min¬ 
utes),  a  biotinylated  secondary  antibody,  an  avidin- 
biotin-complex  with  horseradish  peroxidase,  3.3'- 
diaminobenzidine  (3,3'-diaminobenzidine 

tetrahydrochloride),  and  copper  enhancer.  The 
slides  were  then  counterstained  with  hematoxylin. 

E-cadherin  expression  was  interpreted  as  either 
positive  or  negative.  To  qualify  as  positive,  com¬ 
plete  and  crisp  membranous  staining  was  required 
in  ^10%  of  the  tumor  cells.  In  the  negative  cases, 
internal  positive  controls,  such  as  epidermis,  lym¬ 
phocytes,  and  benign  breast  lobules,  were  exam¬ 
ined.  ER  and  PR  were  considered  positive  when 
>5%  of  the  tumor  cell  nuclei  were  stained.  For 
HER2/nen,  the  strength  of  the  membranous  stain¬ 
ing  was  recorded  as  0  or  as  1-r  through  4-t-,  and  a 
sample  was  considered  positive  when  sl0%  neo¬ 
plastic  cells  had  a  staining  intensity  of  2-i-  or 
greater. 

Statistical  Analysis 

Differences  in  percentages  of  E-cadherin  positive 
cases  between  the  IBC  and  non-IBC  groups  were 
tested  for  statistical  significance  using  Fisher’s  ex¬ 
act  test.  A  P  value  of  :s.05  was  considered  signifi¬ 
cant.  A  two-sample  t  test  was  also  performed  to 
compare  the  ages  at  diagnosis  of  the  two  groups  of 
patients.  Logistic  regression  was  used  to  examine 
differences  in  E-cadherin  expression  between  IBC 
and  non-IBC  patients,  adjusted  for  age,  ER  and  PR 
expression,  and  HER2/neii  overexpression. 

RESULTS 

Clinical  and  Pathological  Features 

AU  patients  were  female.  IBC  patients  ranged  in 
age  at  diagnosis  from  35  to  72  years  (mean  age,  51), 
and  non-IBC  patients  ranged  in  age  from  31  to  78 
years  (mean  age,  591).  Twenty  cases  were  diagnosed 
as  IBC,  and  22  cases  as  non-IBC.  Thirty-four  tumors 
(81%)  were  invasive  ductal  carcinomas  (18  IBC,  16 
non-IBC),  five  tumors  (12%)  were  invasive  lobular 
carcinomas  (2  IBC,  3  non-IBC),  one  mmor  was  a 
medullary  carcinoma  (non-IBC),  and  another  was 
an  atypical  medullary  carcinoma  (non-IBC).  One 
tumor  was  an  anaplastic  carcinoma  (non-IBC). 
There  were  no  statistically  significant  differences  in 
the  frequency  distribution  of  histologic  tumor  types 
between  IBC  and  non-IBC  tumors. 

E-Cadherin  Expression  in  IBC  and  Non-IBC 
Tumors  and  Its  Relationship  to  ER,  PR,  HER2/ 
neu  Expression,  and  Angiolymphatic  Invasion 

.All  IBC  strongly  expressed  E-cadherin,  character¬ 
ized  by  crisp  staining  of  ceU  membranes  in  sl0%  of 
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the  cells  with  a  staining  intensity  of  2+  or  more.  Of 
npte,  the  endolymphatic  tumor  emboli  were  also 
strongly  positive  for  E-cadherin  in  all  cases  (Fig.  1). 
Of  the  22  non-IBC  tumors,  15  (68%)  expressed 
E-cadherin  and  7  (32%)  cases  did  not.  Table  1 
shows  the  frequency  of  E-cadherin  expression  in 


IBC  versus  non-IBC.  The  difference  in  E-cadherin 
expression  rates  in  IBC  versus  non-IBC  was  statis¬ 
tically  significant  (P  <  .006;  Fig.  2).  To  exclude  the 
possibility  that  the  significant  difference  in 
E-cadherin  expression  between  IBC  and  non-IBC 
tumors  was  influenced  by  age,  ER,  PR,  and  HER2/ 


FIGURE  1.  Inflammatory  breast  cancer  with  a  characteristic  tumor  embolus  in  a  dermal  lymphatic  channel  (A)  and  strong  and  crisp  membranous 
staining  for  E-cadherin  in  the  intralymphatic  tumor  cells  (B).  Magnification:  x20. 
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TABLE  1.  Relationship  between  E-Cadherin  Expression, 
ER,  PR,  and  HER2/ne£y  Status  in  IBC  versus  Non<IBC 
^  Patients 


IBC:  ^  of  Positive 
Cases  (%) 

Non-IBC:  #  of  Positive 
Cases  (%) 

P  Value 

E-cadherin 

20  (100) 

15  (68) 

=.006 

expression 

ER  expression 

7(41) 

8(38) 

>.05 

PR  expression 

6  (35) 

9(43) 

>.05 

HER2/  neu 
overexpression 

5  (56) 

6  (43) ' 

>.05 

ER,  estrogen  receptor  PR,  progesterone  receptors;  IBC,  inflammatory 
breast  cancer;  non-IBC,  non-inflammatory  breast  cancer. 


IBC 


P  <  0.006 


!ion>lBC 


FIGURE  2.  Analysis  of  E-cadherin  expression  in  inflammatory  breast 
cancer  (IBC)  versus  non-IBC.  The  bars  illustrate  the  statistically 
significant  difference  in  E-cadherin  expression  between  the  two  groups 
of  tumors. 


neu  status,  we  used  logistic  regression  after  adjust¬ 
ing  for  these  variables.  The  increased  expression  of 
E-cadherin  in  patients  with  IBC,  as  compared  with 
non-IBC  patients,  remained  statistically  significant 
after  adjustment.  Interestingly,  the  two  IBC  with 
features  of  invasive  lobular  carcinomas  e.xpressed 
E-cadherin,  in  contrast  to  the  three  cases  of  inva¬ 
sive  lobular  carcinoma  in  the  non-IBC  group,  which 
were  all  negative  for  E-cadherin  (Fig.  3). 

Of  the  22  stage -matched,  non-IBC  tumors,  17 
(77%)  had  angiolymphatic  invasion  and/or  lymph 
node  or  distant  metastases.  and  5  tumors  (23%)  did 
not.  E-cadherin  was  expressed  in  1 1  (65%)  and  in  4 
(80%)  of  the  non-IBC  with  and  without  angiolym¬ 
phatic  invasion  and/or  metastases,  respectively  (P 
<  .005).  Thus,  we  obser\-ed  a  significant  relation¬ 
ship  beUveen  loss  of  E-cadherin  expression  and 
angiolymphatic  invasion  for  non-IBC  tumors. 

Among  the  IBC  tumors,  seven  cases  (41%)  were 
ER  positive,  and  six  cases  (35%)  were  PR  positive, 
equivalent  to  the  non-IBC  distribution,  in  which 
eight  tumors  (38%)  expressed  ER  and  nine  tumors 
(43%)  expressed  PR.  HER2/neu  was  overexpressed 
in  five  (56%)  IBC  tumors  and  in  six  (43%)  of  non- 
IBC  tumors.  Table  1  shows  the  relationship  be¬ 
tween  E-cadherin  expression,  ER/PR  status,  and 
HER2/neu  overexpression.  No  statistically  signifi¬ 


cant  differences  in  ER,  PR.  or  UERZIneu  status  were 
observed  between  IBC  and  non-IBC  tumors. 


DISCUSSION 

IBC  is  a  very  distinct  form  of  breast  carcinoma 
with  unique  clinical  and  pathologic  features  that 
pursues  an  extremely  aggressive  course  (3,  4,  6). 
Because  of  these  unique  characteristics,  we  hypoth¬ 
esized  that  distinct  genetic  alterations  may  define 
the  inflammatory  phenotype.  The  present  study 
provides  a  new  insight  into  the  E-cadherin-medi- 
ated  cell-to-cell  adhesion  in  the  pathogenesis 
and/or  progression  of  IBC  as  it  demonstrates  that 
E-cadherin  is  expressed  in  100%  of  IBC  and  is  pref¬ 
erentially  expressed  in  IBC  when  compared  to  stage 
matched  non-IBC. 

The  results  of  our  study  agree  with  a  recent  report 
by  Alpaugh  et  al.  (15),  who  developed  a  human 
xenograft  model  of  IBC  in  SCID/nude  mice  that 
closely  recapitulates  the  pathology  of  IBC  in  hu¬ 
mans.  These  investigators  detected  by  Western  blot 
analysis  10-  to  20-fold  overexpression  of  E-cadherin 
in  the  xenografts  and  confirmed  E-cadherin  over¬ 
expression  by  immimohistochemistry  in  the  xeno¬ 
grafts  and  in  cases  of  human  IBC. 

Compelling  evidence  exists  in  the  literature  to 
indicate  that  down-regulation  of  E-cadherin  ex¬ 
pression  and/or  function  is  a  critical  factor  in  the 
malignant  progression  of  epithelial  tumors  (8,  11, 
12).  Transfection  of  E-cadherin  into  invasive  carci¬ 
noma  cell  lines  reduced  their  ability  to  invade  in 
vitro,  further  supporting  the  role  of  E-cadherin  in 
maintaining  cells  in  an  epithelial  ordered  state  and 
suppressing  the  invasive  potential  of  nascent  ma¬ 
lignant  cells  (11,  12).  Furthermore,  restoration  of 
E-cadherin  expression,  initially  lost  in  the  transition 
from  adenoma  to  invasive  carcinoma,  resulted  in 
tumor  arrest  at  the  adenoma  stage  in  a  transgenic 
mouse  model  of  pancreatic  B-cell  carcinogenesis 
(8).  E-cadherin  is  thought  to  act  as  a  tumor  sup¬ 
pressor  gene  in  the  breast,  although  the  mechanism 
of  E-cadherin-mediated  tumor  suppression  has  not 
been  fully  elucidated  (17).  Previous  reports  showed 
lotv  expression  of  E-cadherin  in  breast  cancers  with 
increased  invasiveness  and  high  metastatic  poten¬ 
tial  (13,  14).  Our  results  are  in  agreement  with  the 
literature  in  the  sense  that  the  non-IBC  tumors  with 
angiolymphatic  invasion  and/or  metastases  had 
significantly  less  E-cadherin  expression  than  the 
tumors  that  did  not  have  these  features.  Most  im¬ 
portant,  we  demonstrate  that  in  IBC,  the  most  ag¬ 
gressive  form  of  breast  cancer,  100%  of  cases  show 
E-cadherin  protein  expression,  regardless  of  the 
histologic  type  of  the  tumor  or  of  ER,  PR,  or  HER2/ 
neu  expression.  It  is  very  likely  that  previous  studies 
comprised  highly  heterogeneous  groups  of  tumors 
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FIGURE  3.  Primary-  inflammatory  breii:  cancer  with  classic  invasive  lobular  carcinoma  histology',  composed  of  files  of  small  malignant  ceils,  some 
of  which  have  signet-ring  cell  features  A  .  Positive  E-cadherin  staining  in  the  malignant  cells  with  classic  lobular  morphology  (BA  The  membranous 
staining  highlights  the  signet-ring  cell  feanires  of  some  of  the  neoplastic  cells.  Magnification:  X40. 


in  which  ven'  few  cases  wohLci  have  been  IBC.  Our 
results  indicate  that  E-cadherln  does  not  appear  to 
function  as  a  tumor  suppressor  gene  in  IBC,  and 
they  are  in  support  of  recen:  studies  that  suggest  a 
role  for  E-cadherin  in  celluiar  differentiation  and 


sunival  (18-21).  The  different  potential  roles  of 
E-cadherin  in  the  pathogenesis  of  IBC  and  non-IBC 
warrant  further  investigation. 

To  metastasize,  cancer  cells  must  break  away 
from  the  primary  tumor,  move  into  the  surrounding 
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stroma,  intravasate  into  the  lymphatic  or  vascular 
circulation,  extravasate.  and  successfully  reestab¬ 
lish  growth  at  other  sites.  Although  it  has  long  been 
postulated  that  in  the  course  of  metastasis  devel¬ 
opment  cancer  cells  lose  E-cadherin  expression  and 
thereby  intercellular  adhesion,  in  vivo  and  in  vitro 
studies  have  failed  to  correlate  reduced  E-cadherin 
expression  with  an  in\*asive  and  metastatic  pheno¬ 
type  (10,  22).  Moreover,  it  is  unlcnown  whether 
E-cadherin  expression  is  reduced  in  circulating 
cells  before  extravasation.  In  the  present  study,  in¬ 
tralymphatic  tumor  cells  strongly  express 
E-cadherin.  which  challenges  the  hypothesis  that 
loss  of  expression  is  a  necessary  event  in  the  circu¬ 
lating  cancer  cells  as  they  become  metastasis  en¬ 
abled.  On  the  basis  of  our  results  and  the  results  of 
other  investigations  (23.  24).  we  suggest  that  loss  of 
E-cadherin  expression  is  a  transient  phenomenon 
that  has  the  purpose  of  allowing  malignant  cells  to 
invade  vascular  channels  and  tissues:  we  further 
suggest  that  once  in  the  circulation,  these  cancer 
cells  reinstate  the  expression  of  E-cadherin,  facili¬ 
tating  intercellular  adhesion  and  enabling  the  for¬ 
mation  of  cohesive  tumor  emboli.  Interestingly, 
when  anal^'zing  E-cadherin  expression  at  the  pri¬ 
mary  site  of  non-IBC  tumors,  we  found  a  highly 
significant  correlation  bens'een  loss  of  E-cadherin 
expression  and  presence  of  angiolymphatic  inva¬ 
sion.  This  is  consistent  with  other  observations  in¬ 
dicating  that  in  non-IBC.  loss  of  E-cadherin  is  a 
poor  prognostic  marker. 

In  breast  cancer,  reduced  expression  of 
E-cadherin  has  been  reported  in  approximately 
50%  of  invasive  ductal  carcinomas,  whereas  inva¬ 
sive  lobular  carcinomas  showed  complete  loss  of 
E-cadherin  expression  in  nearly  90%  of  cases  (17, 
24,  25).  Tmncating  E-cadherin  mutations  have 
been  found  in  two  thirds  of  invasive  lobular  carci¬ 
nomas  but  in  no  invasive  ductal  carcinomas  (26, 
27).  These  smdies  suggest  a  relationship  between 
loss  of  E-cadherin-mediated  cell  adhesion  and  the 
diffuse  and  discohesive  pattern  of  growth  that  is 
characteristic  of  invasive  lobular  carcinoma.  In  the 
present  study,  two  E-cadherin-positive  IBC  were 
histologically  classic  invasive  lobular  carcinomas. 
Of  the  non-IBC,  three  cases  were  invasive  lobular 
carcinomas,  all  of  which  were  E-cadherin  negative. 
Despite  the  fact  that  the  small  number  of  cases 
precludes  drawing  firm  conclusions  on  the  possible 
relationship  between  the  IBC  phenotv’pe,  invasive 
lobular  carcinoma  histology',  and  E-cadherin  ex¬ 
pression,  our  results  suggest  that  E-cadherin  ex¬ 
pression  may  have  an  even  stronger  positive  asso¬ 
ciation  with  the  IBC  phenotype  than  loss  of 
E-cadherin  expression  does  with  the  lobular 
morphologv'. 

In  conclusion,  our  study  demonstrates  a  strong 
positive  association  between  E-cadherin  expression 


and  the  IBC  phenotype.  We  further  demonstrate 
that  circulating  tumor  cells  of  IBC  patients  strongly 
express  E-cadherin  and  that  thus,  IBC  constitutes 
an  important  exception  to  the  association  between 
loss  of  E-cadherin  expression  and  increased  meta¬ 
static  potential  and  poor  outcome  in  breast  cancer. 
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Abstract 


inflammatory  breast  cancer  (IBC)  is  the  most  lethal  form  of  locally  advanced 
breast  cancer  known.  IBC  carries  a  guarded  prognosis  primarily  due  to  rapid 
onset  of  disease,  typically  within  6  months,  and  the  propensity  of  tumor  emboli  to 
invade  the  dermal  lymphatics  and  spread  systemically.  Although  the  clinical 
manifestations  of  IBC  have  been  well  documented,  until  recently  little  was  known 
about  the  genetic  mechanisms  underiying  the  disease.  In  a  comprehensive 
study  aimed  at  identifying  the  molecular  mechanisms  responsible  for  fhe  unique 
IBC  phenotype,  our  laboratory  identified  overexpression  of  RhoC  GTPase  in  over 
90%  of  IBC  tumors  In  contrast  to  36%  of  stage-matched  non-lBC  tumors.  W 
also  demonstrated  that  overexpression  of  RhoC  GTPase  in  human  mammanr 
epithelial  (HME)  cells  nearly  recapitulated  the  IBC  phenotype  with  regards  to 
invasion,  motility  and  angiogenesis.  In  the  current  study  we  sought  to  delineate 
which  signaling  pathways  were  responsible  for  each  aspect  of  the  IBC 
phenotype.  Using  well-established  inhibitors  to  the  mitogen  activated  protein 
kinase  (MAPK)  and  phosphatidylinositol-3  kinase  (P13K)  pathways.  We  found 
that  activation  of  the  MAPK  pathway  was  responsible  for  motility,  invasion  and 
production  of  angiogenic  factors.  In  contrast,  growth  under 
independent  conditions  was  dependent  on  the  P13K  pathway. 

Introduction 


2 


Inflammatory  breast  cancer  (IBC)  is  a  phenotypically  distinct  form  of  locally 
advanced  breast  cancer  (LABC)  that  accounts  for  approximately  6%  of  new 
breast  cancer  cases  annually  in  the  United  States  [1].  Because  of  the  rapid 
onset  of  disease,  typically  within  6  months,  and  the  propensity  of  IBC  to  invade, 
grow  and  spread  in  the  dermal  lymphatics  of  the  skin  overlying  the  breast,  IBC 
carries  with  it  the  worst  prognosis  of  all  LABCs  [2;3].  It  is  the  ability  of  the  tumor 
emboli  to  invade  and  block  the  dermal  lymphatics  that  leads  to  the  primary  skin 
changes  associated  with  IBC  [1-4]. 

Although  the  clinical  manifestations  of  IBC  have  been  well  documented  in 
the  literature,  until  recently  little  was  known  about  the  molecular  mechanisms 
involved  in  conferring  the  unique  IBC  phenotype.  In  an  effort  to  identify  genetic 
alterations  involved  in  determining  the  IBC  phenotype,  our  laboratory  isolated  two 
genes  that  were  consistently  and  concordantly  altered  in  IBC  compared  with 
stage-matched  non-IBC  tumors  [5].  Expression  of  a  novel  tumor  suppressor 
gene,  termed  LIBC  (for  Lost  in  Inflammatory  Breast  Cancer;  also  known  as 
Wisp3  and  lGFBP-rP9),  was  found  to  be  lost  in  a  significant  proportion  of  IBC 
tumors  compared  with  non-IBC  stage-matched  LABC  specimens.  Conversely, 
RhoC  GTPase,  was  over-expressed  in  90%  of  IBC  tumors  versus  36 /o  of  the 

stage-matched  controls. 

RhoC  GTPase  is  a  member  of  the  Ras-superfamily  of  small  GTP  binding 
proteins  and  is  primarily  responsible  for  re-organization  of  the  actin  cytoskeleton 
leading  to  cellular  motility  [6-12].  In  addition,  Rho  proteins  can  also  give  rise  to  or 
modulate  formation  of  lamellipodia  and  fillipodia,  cellular  proliferation  and  p53- 
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independenVbcE-dependent  apoptosis  (IS).  Transfection  of  the  RhoC 
homologue,  RhoB,  into  Ras-transformed  N1H3T3  cells  leads  to  increased  focus 
formation  suggesting  a  role  for  the  Rho  proteins  as  a  transforming  oncogene  or 
as  a  metastasis  gene  [14).  Similarly,  our  laboratory  has  demonstrated  that 
overexpression  of  RhoC  in  immortalized  HME  cells  leads  to  a  tumongenic 
phenotype  that  resembles  IBC  [15-17).  Specifically,  RhoC  transfected  HME  cells 
become  highly  motile  and  invasive,  grow  under  anchorage  independent 
conditions,  produce  angiogenic  factors,  and  are  tumorigenic  and  metastatic  when 

orthotopically  implanted  into  nude  mice  [15;17]. 

These  in  vitro  data  have  additional  clinical  significance.  In  addition  to  IBC, 
RhoC  overexpression  also  correlates  with  a  poor  prognosis  in  pancreatic 
adenocarcinoma,  is  required  for  hepatic  metastasis,  and  is  associated  with  the 
transition  to  metastatic  disease  in  melanoma  [18-20).  The  role  of  RhoC  in  human 
cancer  has  recently  generated  increased  interest.  It  has  been  proposed  that  Rho 
proteins  act  through  and  potentiate  signaling  via  the  mitogen  activated  protein 
kinase  (MARK)  pathway  (reviewed  by  Takai  et.  al.)  [21).  Evidence  from  other 
laboratories  suggest  that  Rho  proteins  can  signal  through  both  the  MARK 
pathway  as  well  as  the  phosphoinositol-3  kinase  (PI3K)  pathway  [22-25). 
Furthermore,  it  has  been  demonstrated  that  in  certain  cell  types,  the  MARK 
pathway  is  involved  in  signaling  and  the  production  of  angiogenic  factors  while 

the  P13K  pathway  is  involved  in  growth  and  survival  [26-33]. 

in  our  present  study  we  set  out  to  determine  the  major  pathways  involved 
in  RhoC  signaling  in  IBC.  Specifically,  we  attempted  to  determine  which  arms 
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and/or  pathways  were  involved  in  conferring  specific  aspects  of  the  RhoC- 
induced  phenotype.  Many  of  the  published  studies  that  describe  the  signal 
transduction  pathways  involved  in  Rho  signaling  were  performed  in  transfected 
NIH3T3  cells,  thus  our  study  focused  on  the  RhoC  signaling  pathways  specific  to 
IBC  and  HME  cells.  We  treated  HME-RhoC  stable  transfectants,  HME-p- 
galactosidase  (HME-p-gal)  control  transfectants  or  the  SUM  149  IBC  cell  line  with 
C3  exotransferase  (a  specific  inhibitor  of  Rho  proteins),  a  variety  of  MARK 
inhibitors,  or  a  P13K  inhibitor  and  assayed  them  for  specific  biological  functions. 
The  inhibitors  were  used  at  concentrations  that  would  inhibit  signal  transduction 
without  affecting  cellular  growth.  We  found  that  the  PI3K  pathway  was  involved 
in  anchorage  independent  growth  and  survival,  while  multiple  arms  of  the  MARK 
pathway  were  involved  in  motility  and  invasion,  and  that  p38  is  a  downstream 
modulator  in  the  production  of  angiogenic  factors.  These  data  provide  significant 
new  insight  as  to  how  overexpression  of  RhoC  can  lead  to  a  variety  of 
phenotypic  effects  in  breast  cells. 

Materials  and  methods 

Cell  culture 

Cell  lines  were  maintained  under  defined  culture  conditions  for  optimal  growth  in 
each  case  [34-36].  Briefly,  human  mammary  epithelial  (HME)  cells  were 
immortalized  with  human  papilloma  virus  E6/E7  [37]  and  grown  in  5%  fetal 
bovine  serum  (FBS;  Sigma  Chemical  Co.,  St.  Louis,  MO)  supplemented  Ham’s 
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F-12  medium  (JRH  BioSciences,  Lenexa,  KS)  containing  insulin,  hydrocortisone, 
epidermal  growth  factor,  and  cholera  toxin  (Sigma  Chemical  Co.).  Stable  HME 
transfectants  containing  either  the  human  RhoC  GTPase  or  control  p- 
galactosidase  genes  were  maintained  in  the  described  medium  supplemented 
with  100  pg/ml  hygromycin  (LifeScience  Technologies).  The  SUM149  cell  line 
was  developed  from  a  primary  IBC  tumor  and  grown  in  5%  FBS  supplemented 
Ham’s  F-12  medium  containing  insulin  and  hydrocortizone.  The  HME  cells  were 
characterized  as  being  keratin  19  positive,  ensuring  that  they  are  from  the  same 
differentiation  lineage  as  the  SUM149  IBC  tumor  cell  line. 

Cells  actively  growing  in  culture  were  treated  with  MARK  inhibitors,  2.0  pM 
PD98059,  1.5  pM  U0126.  1.5  pM  SKF86002.  or  1.5  pM  SB220025  (all  obtained 
from  Calbiochem,  San  Diego,  CA)  24  h  prior  to  assays  and  treated  everyday  with 
fresh  inhibitor  until  the  end  of  the  assay.  Treatment  of  cells  with  2.5  pM 
LY294002  (Calbiochem),  a  PI3K  inhibitor,  was  performed  in  the  same  manner  as 
described  for  the  MARK  inhibitors.  These  concentrations  were  below  the  IC50  of 
the  compounds  to  avoid  direct  cell  toxicity  to  allow  for  meaningful  biological 

assays. 

Western  blot  analysis 


Proteins  were  harvested  from  cell  cultures  using  RIPA  buffer  (lx  PBS.  1% 
Nonidet  P-40,  0.5%  sodium  deoxycholate.  0.1%  SDS,  0.1  mg/ml  PMSF,  1  mM 
sodium  orthovanadate  and  0.3  mg/ml  aprotinin;  Sigma  Chemical  Co.)  Ten  pg 
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aliquots  were  mixed  with  Laemelli  buffer,  heat  denatured  for  3  min,  separated  by 
SDS-PAGE,  and  transferred  to  nitrocellulose.  Non-specific  binding  was  blocked 
by  overnight  incubation  with  2%  powdered  milk  in  tris-buffered  saline  with  0.05% 
Tween-20  (Sigma  Chemical  Co.).  Immobilized  proteins  were  probed  using 
antibodies  specific  for  total  MARK  proteins  and  phosphorylated  MARK  proteins. 
Specifically.  p38/pp38,  pJNK/ppJNK,  and  pErk/ppErk  (Cell  Signaling 
Technologies,  Beverly,  MA).  Protein  bands  were  visualized  by  ECL  (Amersham- 
Pharmacia  Biotech,  Piscataway,  NJ). 

C3  exotransferase  treatment 

Active  C3  exoenzyme  was  introduced  into  the  HME,  HME-p-gal,  HME-RhoC,  and 
SUM149  cells  using  a  method  based  on  liposome  encapsulation  and  membrane 
fusion,  which  we  have  termed  lipoporation.  Briefly,  cells  were  grown  in  6-well 
plates  until  reaching  a  confluence  of  40-50%  and  the  medium  replaced  with 
fresh  medium.  Three  micrograms  of  human  recombinant  C3  exotransferase 
(Cytoskeleton  Inc.,  Denver,  CO)  was  combine  with  FuGene™  6  transfection 
reagent  (Roche-Boehringer  Mannheim)  and  added  to  the  cultures.  As  controls 
either  an  equal  quantity  of  human  recombinant  tubulin  or  FuGene™  6  alone  were 
added  to  cell  cultures.  The  cells  were  incubated  for  2  days  at  37°C,  at  which 
time  cell-conditioned  medium  was  harvested.  Presence  of  the  intracellular  C3 
exoenzyme  was  confirmed  by  visualizing  the  rhodamine-tagged  protein  using 
fluorescent  microscopy.  The  efficiency  and  activity  of  both  the  transfected  and 
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lipoporated  C3  exoenzyme  were  confirmed  by  a  quantitative  ADP-ribosylation 
assay  [38]. 

The  efficiency  of  in  vivo  ADP-ribosylation  of  RhoC  GTPase  by  C3 
exotransferase  was  determined  as  previously  described  [16].  Active  C3 
exotransferase  was  efficiently  introduced  into  HME-p-gal,  HME-RhoC.  and 
SUM149,  as  described  above.  Cells  were  collected  48  hours  later,  washed  in 
medium,  and  pelleted.  The  cells  were  lysed  in  20  mM  HEPES  pH  8.0  (Sigma 
Chemical  Co.)  by  3  repeated  freeze/thaw  cycles.  Cell  lysates  (10  ^g)  were 
combined  with  50  ng/ml  C3  exotransferase  and  5  x  10®  cpm  pP]NAD 
(Amersham)  in  ADP-ribosylation  buffer  (20  mM  HEPES,  pH  8.0,  1  mM  MgCIa,  1 
mM  AMP  and  thymadine.  Sigma  Chemical  Co.),  and  incubated  for  30  min  at 
37°C.  TCA-perceptible  material  was  then  recovered  and  radioactivity  was 
counted  on  a  Packard  scintillation  counter. 

Growth  assays 

Monolayer  culture  growth  rate  was  determined  as  previously  described  [39]  by 
conversion  of  MTT  (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium  bromide; 

Sigma  Chemical  Co.)  to  a  water  insoluble  formazon  by  viable  cells.  Three 
thousand  cells  in  200  ^il  medium  were  plated  in  96-well  plates  and  grown  under 
normal  conditions.  Cultures  were  assayed  at  0,  1.  2,  3,  5  and  7  days  by  the 
addition  of  40  ^1  5mg/ml  MTT  and  incubating  for  1  h  at  37°C.  The  MTT  containing 
medium  was  aspirated  and  100  ^1  DMSO  (Sigma  Chemical  Co.)  added  to  lyse 
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the  cells  and  solublize  the  formazon.  Absorbance  values  of  the  lysates  were 
determined  on  a  Dynatech  MR  5000  microplate  reader  at  540  nm. 

For  anchorage  independent  growth  assays,  a  2%  stock  of  sterile  low-melt 
agarose  was  diluted  1:1  with  2x  MEM.  Further  dilution  to  0.6%  agarose  was 
made  using  10%  FBS  supplemented  Ham’s  F-12  medium  complete  with  growth 
factors,  and  1  ml  was  added  to  each  well  of  a  six-well  plate  as  a  base-layer.  The 
cell  layer  was  then  prepared  by  diluting  agarose  to  0.3%  and  0.6%  with  10^  cells 
in  2.5%  FBS  supplemented  Ham’s  F-12/1.5  ml/well.  Colonies  greater  than  or 
equal  to  100  p  in  diameter  were  counted  after  a  3-week  incubation  at  37°C  in  a 
10%  CO2  incubator. 

Random  motility  assay 


Random  motility  was  determined  using  a  gold-colloid  assay  [40].  Gold-colloid 
(Sigma  Chemical  Co.)  was  layered  onto  glass  coverslips  and  placed  into  6-well 
plates.  Cells  were  plated  onto  the  coverslips  and  allowed  to  adhere  for  1  h  at 
37°C  in  a  CO2  incubator  (12,500  cells/3  ml  in  serum-free  medium).  To  stimulate 
the  cells,  the  serum-free  medium  was  replaced  with  5%  FBS  containing  Ham’s  F- 
12  supplemented  with  growth  factors  and  allowed  to  incubate  for  3  h  at  37°C. 
The  medium  was  aspirated  and  the  cells  fixed  using  2%  gluteraldehyde  (Sigma 
Chemical  Co.).  The  coverslips  were  then  mounted  onto  glass  microscope  slides 
and  areas  of  clearing  in  the  gold-colloid  corresponding  to  phagokinetic  cell  tracks 

counted. 
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Invasion  assay 


The  invasion  assay  was  performed  as  previously  described  with  minor 
modification  [39].  A  10  pi  aliquot  oflO  mg/ml  Matrigel  (Becton  Dickenson, 
Bedford,  MA)  was  spread  onto  a  6.5'  mm  Transwell  filter  with  8  pm  pores  (Costar, 
Corning,  NY)  and  air  dried  in  a  laminar  flow  hood.  Once  dried,  the  filters  were 
reconstituted  with  a  few  drops  of  serum-free  medium.  The  lower  chamber  of  the 
Transwell  was  filled  with  either  serum-free  or  serum  containing  media.  Cells 
were  harvested  and  resuspended  in  serum-free  medium  with  0.1%  BSA  at  a 
concentration  of  3.75  x  10®  cells/ml  and  0.5  ml  was  added  to  the  top  chamber. 
The  chambers  were  incubated  for  24  h  at  37°C  in  a  10%  CO2  incubator.  The  cell 
suspension  was  aspirated  and  excess  Matrigel  removed  from  the  filter  using  a 
cotton  swab.  The  filters  were  then  cut  away  from  the  Transwell  assembly  and 
fixed  with  methanol,  gel  side  down,  to  a  glass  microscope  slide.  The  fixed  filters 
were  stained  with  hematoxylin  and  eosin,  and  the  cells  in  20  random  40x- 
magnification  fields  counted.  These  cells  were  assumed  to  have  invaded 
through  the  Matrigel  and  filter.  The  number  of  cells  that  had  invaded  in  the 
serum-free  containing  lower  chambers  was  considered  background  and  this 
number  was  subtracted  from  the  number  of  cells  that  had  invaded  in  response  to 
the  serum-containing  medium. 

Quantitation  of  vascular  endothelial  growth  factor 
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Levels  of  soluble  cytokines  and  chemokines  were  determined  from  cell- 
conditioned  media.  Cells  were  incubated  in  normal  growth  medium  for  4  days. 
The  cell-conditioned  media  was  han/ested,  centrifuged  for  5  min  at  2,500  rpm 
and  divided  into  1  ml  aliquots.  The  Quantikine  human  vascular  endothelial 
growth  factor  (hVEGF;  R&D  Systems,  Minneapolis,  MN)  were  used  to  measure 
protein  levels  of  the  165  amino  acid  species  of  hVEGF.  The  enzyme  linked 
immunoabsorbant  assay  (ELISA)  was  performed  per  the  manufacturers 

recommendations. 

Results 


C3  exotransferase  inhibition  of  RhoC  GTPase 

a  previous  study  we  demonstrated  that  inhibition  of  RhoC  GTPase  activity  by 
C3  exotransferase  treatment  led  to  decreased  production  of  angiogenic  factors 
116;171.  In  order  to  demonstrate  that  the  other  phenotypic  changes  seen  in  the 
HME-RhoC  transfectants  are  indeed  due  to  RhoC  expression,  we 
cells  with  C3  exotransferase.  C3  exotransferase  is  not  a  specific  in 
RhoC  perse,  but  a  general  inhibitor  of  Rho  proteins  (reviewed  in  (41]).  However, 
given  that  the  untransfected  HME,  the  HME-p-galactosidase  control 
transfectants,  and  the  HME-RhoC  transfected  cells  were  all  derived  from  the 
same  culture,  they  are  likely  to  share  the  same  distribution  of  Rho  proteins, 
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except  for  RhoC.  Therefore,  main  changes  of  phenotype  produced  by  C3 
treatment  would  be  ascribed  to  changes  in  RhoC  GTPase  activity. 

Active  C3  exotransferase  was  introduced  into  the  cells  using  a  liposome 
mediated  method  termed  lipoporation  [16].  As  shown  in  Table  1.  the  population 
doubling  time  of  all  the  cell  lines  tested  was  not  significantly  affected  by  C3 
treatment.  However,  the  ability  of  the  HME-RhoC  transfectants  and  the  SUM149 
IBC  cell  line  to  grow  under  anchorage  independent  conditions,  a  hallmark  of 
malignant  transformation,  was  significantly  reduced.  In  contrast,  C3  treatment  of 
the  HME  untransfected  or  the  HME-p-gal  control  did  not  result  in  any  changes  in 
their  ability  to  grow  in  soft  agar.  The  monolayer  growth  rate  was  not  influenced 
by  transfection  or  RhoC  expression,  the  HME-RhoC  transfectants  did  not  differ 
from  the  untransfected  or  control  transfected  HME  counterparts,  or  by  C3 
treatment  so,  these  data  suggest  that  RhoC  confers  the  ability  to  HME-RhoC 

cells  to  grow  under  anchorage  independent  conditions. 

As  demonstrated  in  Figure  1A,  C3  treatment  significantly  reduced  HME- 
RhoC  and  SUM149  IBC  motility  in  a  random  colloidal  gold  assay.  The  HME-p- 
galactosidase  control  transfectants  were  unaffected  by  C3  treatment.  Similarly, 
the  ability  of  the  HME-RhoC  and  SUM149  cells  to  invade  a  Matrigel  coated  filter 
in  response  to  a  chemoattractant  was  significantly  reduced  after  C3  treatment 

(Figure  IB). 

The  activity  of  the  C3  exotransferase  was  confirmed  by  measuring  the 
efficiency  of  in  vivo  ADP-ribosylation.  As  shown  in  Figure  1C,  in  comparison  with 
their  non-C3  treated  counterparts,  all  the  C3  treated  cell  lines  had  a  significant 
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reduction  in  the  levels  of  available  sites  that  could  be  ADP-ribosylated  in  the  in 
vitro  assay.  Specifically,  the  C3-treated  HME-RhoC  and  SUM149  cells  had  a  2- 
fold  decrease  in  the  number  of  ADP-ribosylated  sites  compared  to  the  non- 
transfected  controls.  These  data  indicate  that  at  least  half  of  the  Rho  proteins 
have  been  ADP-ribosylated  in  vivo,  and  therefore  inhibited  by  C3  exotransferase. 
Taken  together,  these  data  demonstrate  that  expression  and  activity  of  RhoC 
GTPase  is  responsible  for  conferring  the  ability  to  grow  under  anchorage 
independent  conditions,  and  the  production  of  a  motile  and  invasive  cell. 

Inhibition  of  anchorage  independent  growth  by  the  LY294002  PI3K  inhibitor 

To  determine  whether  the  P13K  or  the  MAPK  pathways  were  involved  in  RhoC 
signaling,  we  treated  the  cells  with  either  LY294002  (a  potent  PI3K  inhibitor)  or 
PD98059  (a  general  MAPK  inhibitor  that  blocks  all  arms  of  the  MAPK  pathway). 
To  avoid  confounding  effects  due  to  direct  cytotoxicity,  we  chose  concentrations 
of  the  inhibitors  that  inhibited  signal  transduction  but  were  not  cytotoxic.  The 
cells  were  treated  48  h  prior  to  plating  in  0.6%  soft  agar  and  fresh  medium 
containing  each  of  the  inhibitors  was  layered  onto  the  soft  agar  daily.  The 
MCF10AT  c1  cell  line,  with  a  constituih/ely  active  Ras  was  used  as  a  positive 
control  [42].  The  ability  of  the  HME-RhoC  and  SUM149  cells  to  form  colonies  in 
0.6%  soft  agar  was  significantly  reduced  by  treatment  with  the  P13K  inhibitor 
(Figure  2).  In  contrast,  treatment  with  the  general  MAPK  inhibitor  PD98059  had 
little  effect  on  the  colony  number.  The  reduction  in  colony  formation  was  not  due 
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to  a  significant  change  in  the  popuiation  doubling  time  of  the  ceiis  treated  with 
LY294002,  as  determined  by  an  MTT  monolayer  growth  assay  (data  not  shown) 
These  data  indicate  the  PI3K  pathway,  and  not  the  MARK  pathway  is  involved  in 
RhoC  conferring  the  ability  of  the  ceils  to  survive  and  form  colonies  under 

anchorage  independent  conditions. 


MARK  status  in  cell  lines  after  inhibitor  treatment 

in  order  to  determine  which  arms  of  the  MARK  pathway  were  involved  in  the 
different  aspects  of  the  RhoC-induced  phenotype,  the  cells  were  treated  with  a 
variety  of  MARK  inhibitors  that  affect  different  points  of  the  pathway.  The  general 
mark  inhibitor  RD98059  effects  the  MARK  pathway  at  3  distinct,  points;  1) 
MEK3  (which  activates  p38),  2)  MEKK-1  (which  activates  p38  and  MEK1  &2.  and 
therefore  ERK1  &  2),  3)  MEK4  (which  activates  JNK).  The  inhibitor  U0126 
inhibits  MEK1  &  2,  and  therefore  aiso,  ERK1  &  2  activation.  The  inhibitors 
SKF86002  and  SB22025  are  inhibitors  of  p38  activation  and  of  p38  itself, 
respectively.  As  demonstrated  in  Figure  3,  ail  cell  lines  expressed  p38,  ERK 
(p42/p44),  and  JNK.  However,  none  of  the  untreated  cell  lines  (A)  expressed 
activated  phospho-JNK,  suggesting  that  oniy  pp38  and  phospho-ERK  are 
involved  in  RhoC  signal  transduction.  Treatment  of  the  ceils  for  24  h  with 
SKF86002  (B),  PD98059  (C),  U0126  (D).  or  C3  exotransferase  (E),  led  to  a 
decrease  in  the  ievels  of  the  active  phosphorylated  form  of  the  target  protein(s). 
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*  while  the  basal  levels  remained  unchanged.  Interestingly,  C3  treatment  of  the 
cells  lead  to  increased  phosphorylation  of  JNK. 

Effect  of  inhibition  of  MARK  on  motility  and  invasion 

Because  of  the  postulated  relationship  between  Rho  induced  motility  and  Ras 
activation  of  the  MARK  pathway,  we  set  out  to  understand  how  are  the  MARK 
signaling  branches  involved  in  Rho-modulated  motility  and  invasion.  To 
accomplish  this  we  treated  the  cells  with  the  various  MARK  inhibitors  described 
above.  The  cells  were  treated  with  the  MARK  inhibitors  48  h  prior  to  assessing 
motility  and  invasion.  No  significant  decrease  in  population  doubling  time  was 
observed  for  the  cells  treated  with  inhibitors  (data  not  shown). 

As  demonstrated  in  Figure  4A,  all  of  the  MARK  inhibitors  had  a  significant 
(p=0.01)  effect  on  the  motility  of  the  HME-RhoC  and  SUM149  cell  lines.  The 
areas  of  the  phagokinetic  tracks  were  reduced  to  nearly  the  level  of  the  HME-p- 
gal  control  cell  line,  which  was  unaffected  by  any  of  the  MARK  inhibitors.  Since 
all  of  the  MARK  inhibitors  had  an  effect  on  the  motility  of  the  cells,  this  suggested 
that  multiple  arms  of  the  MARK  pathway  are  involved  in  RhoC  mediated  motility. 
Motility  of  the  MCF10AT  c1  positive  control  cell  line  that  has  a  constituatively 
active  Ras  was  also  affected  by  all  four  of  the  MARK  inhibitors,  although  the 
motility  of  these  cells  is  much  reduced  compared  to  the  HME-RhoC  and  SUM149 

cells. 
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Next,  we  concentrated  on  the  cells  ability  to  invade  through  a  Matrigel 
coated  filter  (Figure  4B).  The  invasive  capabilities  of  the  cells  are  described  as 
fold-increase  in  invasion  over  untransfected  HME  controls.  Treatment  with  all 
four  of  the  MARK  inhibitors  reduced  the  invasive  capabilities  of  the  HME-RhoC 
and  SUM  149  cell  lines.  The  HME-p-gal  control  cells  were  not  significantly 
affected,  by  the  other  MARK  inhibitors.  The  invasive  capabilities  of  the 
MCF10AT  cl  cells  were  the  same  as  the  HME-p-gal  control  cells,  and  were 
likewise  unaffected  by  the  MARK  inhibitors.  When  cells  were  treated  with  a 
combination  of  the  LY294002  and  RD98059  inhibitors,  the  level  of  inhibition  is 
similar  to  that  of  the  RD98059  inhibitor  alone  (data  not  shown),  suggesting  that 
the  RISK  pathway  is  not  involved  in  either  motility  or  invasion. 

Taken  together,  these  data  suggest  that  RhoC  induced  motility  and 
invasion  is  mediated  to  a  significant  extent  by  the  p38  and  ERK  arms  of  the 
MARK  pathway.  This  is  shared  with  Ras  alone  induced  motility,  but  active  Ras  is 
not  sufficient  to  produce  an  invasive  phenotype  in  the  MCF10A  cells.  In  all  these 
experiments  the  concentrations  of  inhibitors  used  did  not  effect  cell  doubling 
times  or  cell  viability. 

VEGF  production  after  inhibition  of  the  MARK  pathway 

In  a  previous  study,  we  demonstrated  that  RhoC  overexpression  can  lead  to 
increased  production  of  angiogenic  factors  such  as  vascular  endothelial  growth 
factor  (VEGF)  [16].  Treatment  of  the  mammary  cells  with  the  different  MARK 
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inhibitors  resulted  in  decreased  VEGF  production  by  the  HME-RhoC  and 
SUM149  IBC  cell  lines  (Figure  5).  The  greatest  reduction  in  VEGF  production 
was  seen  when  the  cells  were  treated  with  the  inhibitor  SB22025,  which  prevents 
p38  activation.  Treatment  with  the  inhibitor  SKF86002,  an  inhibitor  of  phosho- 
p38  activity,  resulted  in  the  second  greatest  decrease  in  VEGF  production. 
Taken  together,  these  data  suggest  that  activation  of  the  p38  arm  of  the  MARK 
pathway  is  responsible  for  production  of  VEGF  simultaneously  by  RhoC 
overexpression. 

Discussion 


The  highly  invasive  and  metastatic  phenotype  of  IBC  is  one  of  the  hallmarks  of  its 
unique  clinical  manifestations  and  the  major  cause  of  the  poor  outcome  of  many 
patients  who  are  diagnosed  with  IBC.  In  a  previous  set  of  studies,  our  laboratory 
identified  RhoC  GTPase  to  be  over-expressed  in  IBC  [5].  Furthermore,  we 
demonstrated  RhoC  GTPase  overexpression  results  in  an  IBC-like  phenotype 
[15-17].  Specifically,  the  cells  are  able  to  grow  under  anchorage  independent 
conditions,  become  motile  and  invasive,  produce  angiogenic  factors,  and  are 
able  to  form  tumors  and  metastases  in  athymic  nude  mice. 

In  the  current  study,  we  sought  to  begin  to  delineate  the  signaling 
pathways  responsible  for  each  phenotypic  aspect  produced  by  RhoC  expression. 
We  hypothesized  that  in  order  for  RhoC  GTPase  to  achieve  diverse  phenotypic 
attributes,  cell  signaling  must  take  place  through  several  signal  transduction 
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pathways.  We  utilized  specific  inhibitors  of  different  points  of  the  P13K  and 
MARK  pathways,  an  approach  which  has  proven  successful  in  similar  previous 

studies  [43;44]. 

The  MARK  pathway  has  been  previously  implicated  in  Ras  and  Rho 
signaling,  and  it  has  been  suggested  that  Rho  family  members  (RhoA,  Rad,  and 
cdc42)  signal  through  both  the  MARK,  and  the  RI3K  pathways  (reviewed  in 
[45;46]).  Both  pathways,  depending  on  cell  type,  have  been  attributed  to 
participate  in  growth/survival  and  motility  (reviewed  in  [29]).  However,  many  of 
the  published  data  on  RhoA,  Rad,  and  cdc42  signal  transduction  pathways, 
have  not  been  performed  in  breast  cancer  cells,  specifically  those  with  a  Rho- 
associated  phenotype.  To  date,  the  signal  transduction  pathway(s)  utilized  by 
RhoC  during  motility  and  invasion  has  not  been  described  in  any  cell  type, 
current  study  we  examined  RhoC  signal  transduction  in  the  SUM149  IBC  and 
HME-RhoC  breast  cell  lines.  Because  RhoC  appears  to  be  a  major  determinant 
of  a  clinically  well-defined  mammary  cancer  phenotype  it  is  especially  relevant  to 
understand  how  RhoC  elicits  multiple  actions  in  breast  tissue. 

Using  MARK  and  R13K  inhibitors  at  concentrations  below  cytotoxic  and 
cytostatic  levels,  we  have  determined  that  the  RI3K  pathway  is  involved  in  the 
ability  of  RhoC  overexpressing  cells  to  grow  under  anchorage  independent 
conditions,  while  their  monolayer  population  doubling  time  remained  unchanged. 
We  also  determined  that  signaling  through  the  MARK  pathway  is  involved  in 
motility,  invasion  and  the  production  of  angiogenic  factors.  Specifically,  we  found 
that  the  ERK  and  p38  arms  of  the  MARK  signaling  complex  are  involved 
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motility  and  invasion,  as  no  one  inhibitor  of  the  individual  arms  completely 
blocked  motility  of  the  HME-RhoC  or  SUM149  IBC  cell  lines.  In  addition,  we 
know  that  JNK  does  not  appear  to  be  involved  because  although  it  is  expressed 
by  the  cells,  it  is  not  phosphorylated  or  active  in  any  of  the  breast  lines  (IBC  or 
HME)  studied.  Interestingly,  JNK  phosphorylation  was  observed  in  all  cell  lines 
in  response  to  C3  exotransferase  treatment,  however,  phospho-JNK  failed  to 
rescue  any  aspect  of  the  RhoC  phenotype  that  were  inhibited  by  C3  exoenzyme. 

The  quantitative  role  played  by  each  part  of  the  MARK  pathway  is  not  yet 
known.  The  most  potent  and  best  characterized  inhibitors,  such  as  PD98059 
and  U0126,  affect  molecules  upstream  and  therefore  have  a  broader  effect  on 
the  MARK  pathway.  However,  using  inhibitors  specific  for  p38,  we  found  that 
activation  of  p38  was  a  modulator  for  the  production  of  angiogenic  factors  in 
these  cells.  The  combination  of  MARK  inhibitors  and  the  R13K  inhibitor  did  not 
result  in  a  further  decrease  in  motility,  invasion  or  production  of  angiogenic 
factors,  thus  suggesting  that  MARK  signaling  is  nearly  exclusively  responsible  for 

producing  these  phenotypic  attributes. 

Previous  experiments  have  demonstrated  that  the  various  signal 
transduction  pathways  have  diverse  effects  in  different  cell  types  activated  by  a 
variety  of  stimuli.  For  example  in  Schwann  cells,  P13K  activation  by  Rad  leading 
to  lamellipodia  formation  and  motility  has  been  shown  to  occur  upon  stimulation 
by  insulin-like  growth  factor-l  [25].  Whereas  stimulation  of  adipocytes  with  insulin 
leads  activation  of  the  PI3K  pathway  and  Rho-mediated  glucose  uptake  [47].  In 
support  of  our  data,  Amundadottir  and  Leder  demonstrated  that  regardless  of  the 
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oncogene  involved  in  transformation,  the  PI3K  pathway  was  involved  in 
conferring  anchorage  independent  growth  to  transformed  mammary  epithelial 
cells  [48],  They  also  demonstrated  that  anchorage  independent  growth  of 
mammary  cells  transformed  by  Her2;neu.  v-Ha-ras,  and  c-myc,  could  not  be 
inhibited  by  treatment  with  the  MARK  inhibitor  PD98059.  Thus  consistently  in  the 
case  of  our  RhoC  expressing  cells,  it  appears  that  the  RISK  pathway  is 
exclusively  involved  in  conferring  anchorage  independent  growth,  without 

involving  the  MARK  pathway. 

Several  studies  have  demonstrated  that  activation  of  the  MARK  pathway 
can  lead  to  cell  migration  and  invasion  of  fibroblasts,  keratinocytes  and 
endothelial  cells  [49-51].  Further,  it  has  been  well  documented  that  the  Rho 
proteins  can  activate  the  MARK  cascade  stimulating  various  aspects  of  cellular 
motility  [29;52-54k  Rad  and  cdc42  have  been  shown  to  signal  gene 
transcription  through  JNK  and  RhoA  through  p38,  or  when  bound  to  fibronectin, 
ERK  [22;52;55;661.  Like  RhoA,  we  have  made  similar  observations  for  RhoC  as 
we  have  demonstrated  activation  of  both  p38  and  ERK,  but  not  JNK,  in  IBC  and 
transfected  HME  cells.  During  motility,  a  dynamic  interplay  between  Rad,  cdc42 
and  Rho  must  occur  to  form  lamellipodia,  fillipodia,  focal  adhesions,  and  stress 
fibers  [7;57;581.  -Cross-talk"  between  these  molecules  results  in  reciprocal 
activation  of  Rho  with  Rad  and  cdc42  [57;59;601.  Therefore,  each  arm  of  the 

mark  pathway  may  be  involved  in  motility  and  invasion. 

in  a  previous  study  we  demonstrated  that  levels  of  VEGF  was  elevated 
due  to  RhoC  overexpressing  cells  [16],  Several  studies  have  demonstrated  that 
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activation  of  angiogenic  factors  is  mediated  by  the  p38  MARK  pathway  [26-28]. 

An  increasing  body  of  evidence  suggests  that  the  mode  of  VEGF  induction  (i.e. 
MARK  vs.  RISK)  by  activated  H-ras  is  a  cell-type  specific  process,  with  cells  of 
epithelial  origin  signaling  more  commonly  through  the  MARK  pathway  whereas 
those  of  mesodermal  origin  utilizing  the  RISK  pathway  [61].  Stimulation  of  a 
variety  of  breast  cancer  cell  lines  with  heregulin  results  in  activation  of  pS8  and 
subsequent  upregulation  of  VEGF  expression  and  secretion  [28].  Similarly, 
epidermal  growth  factor  stimulation  of  squamous  cell  carcinoma  cell  lines,  results 
in  activation  of  both  p38  and  ERK,  which  in  turn,  leads  to  expression  of  fibroblast 
growth  factor-binding  protein  (FGF-BR),  a  potent  angiogenic  modulator  [26]. 
Furthermore,  it  has  been  suggested  that  Rho  proteins  and  the  p38-MAR  kinase 
pathway  modulate  lL-8  expression  [62;63;63].  lL-8  expression  has  profound 
biological  consequences:  it  is  a  potent  angiogenic,  mitogenic  and  chemotactic 
factor  in  several  malignancies  including  breast  and  prostate  cancer  [64-68].  Still 
others  have  suggested  that  bFGF,  acting  in  an  autocrine  and  paracrine  fashion, 
can  induce  IL-6  expression  through  p38.  In  future  studies  we  will  determine 
whether  IL-6,  IL-8,  and  FGF2  production  is  also  modulated  by  the  p38  pathway  in 

RhoC  overexpressing  mammary  cells. 

In  conclusion,  we  have  begun  to  identify  the  different  signal  transduction 

pathways  involved  in  RhoC  GTRase  driven  phenotypes  associated  with  highly 
metastatic  inflammatory  breast  cancer.  We  specifically  demonstrated  that 
anchorage  independent  conditions  is  mediated  via  the  RISK  pathway.  Induction 
of  motility  and  invasion  are  mediated  through  activation  of  the  ERK  and  pS8  arms 
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of  the  MARK  pathway,  and  the  production  of  VEGF  is  mediated  primariiy  by  p38 
activation.  This  study  provides  new  insight  ihto  the  signa,  trahsduction  pathways 


of  an  aggrassive  disease 


mediated  by  overexpression  and  activation  of  RhoC 
GTPase  and  suggests  new  potentiai  targets  for  therapeutic  interventions  focused 
on  the  biological  actions  of  RhoC. 
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Figure  1 .  Comparison  of  the  average  area  of  migration  in  a  colioidai  gold 
motility  assay  by  control  HME-p-gal  and  RhoC  overexpressing  mammary  cells 
after  treatment  virith  C3  exotransferase.  Treatment  of  cells  with  C3  exoenzyme 
significantly  reduced  the  motile  ability  of  the  RhoC  overexpressing  cells  HME- 
RhoC  and  SUM149.  Similarly,  as  demonstrated  in  panel  B,  the  invasive 
capabilities  of  the  RhoC  overexpressing  cells  were  also  significantly  reduced 
after  C3  treatment  as  determined  in  a  Matrigel  invasion  assay.  To  determine  the 
extent  of  Rho  inhibition  by  C3  exotransferase,  an  in  vitro  ADP-ribosylation  assay 
,  was  performed  (panel  C).  The  number  of  ADP-ribosylated  targets  was  greatly 
reduced  in  the  HME-RhoC  and  SUM149  cells,  thus  indicating  that  C3 
exotransferase  treatment  had  effectively  blocked  the  Rho  targets  within  those 

cells. 

Figure  2.  Anchorage  independent  growth  in  0.6%  soft  agar  after  treatment 
with  either  the  PI3K  inhibitor  LY294002  or  the  general  MAPK  inhibitor  PD98059. 
The  ability  of  the  RhoC  overexpressing  cells  HME-RhoC  and  SUM149  was 
significantly  reduced  after  treatment  with  the  LY294002,  but  not  with  PD98059. 
These  data  suggests  that  RhoC-mediated  anchorage  independent  growth,  is 
signaled  through  the  PI3K  and  not  the  MAPK  pathway  in  these  mammary  ceils. 

Figure  3.  Western  blot  analysis  of  basal  and  phosphorylated  (activated) 
levels  of  different  arms  of  the  MAPK  pathway  before  (A)  and  after  inhibitor 
treatment  with  SKF86002  (B),  PD98059  (C),  U0126  (D),  or  C3  exotransferase 


34 


(E).  All  the  cell  lines  tested  expressed  p38,  ERK  (p42/p44),  and  JNK.  However, 
none  of  the  untreated  cell  lines  (A)  expressed  activated  phospho-JNK, 
suggesting  that  only  pp38  and  phospho-ERK  are  involved  in  RhoC  signal 

transduction. 


Figure  4.  Effects  on  motility  and  invasion  of  RhoC  overexpressing  cells  after 
treatment  with  PD98059,  U01 26  or  the  p38  inhibitor  SB220225.  Panel  A 
demonstrates  a  significant  decrease  in  the  motility  of  the  RhoC  overexpressing 
HME-RhoC  and  SUM149  cells  treated  with  the  various  MARK  inhibitors. 
Similarly,  the  ability  of  these  cells  to  invade  through  a  Matrigel  coated  filter  was 
also  significantly  reduced  after  treatment  with  the  MARK  inhibitors  (panel  B). 
These  data  suggest  that  RhoC  mediated  motility  and  invasion  is  mediated 
through  the  MARK  pathway,  to  a  large  extent  through  activated  p38. 


Figure  5.  The  effect  of  MARK  inhibitors  on  the  production  and  secretion  of 
the  pro-angiogenic  molecule  vascular  endothelial  growth  factor  (VEG  ) 
Production  of  VEGF  by  the  HME-RhoC  and  SUM149  cell  lines  were  significantly 
reduced  when  the  cells  were  treated  with  the  p38  inhibitors  SB220225  or 
SKF86002.  Taken  together,  these  data  suggest  that  activation  of  the  p38  arm  of 
the  MARK  pathway  is  responsible  for  production  of  VEGF  simultaneously  by 


RhoC  overexpression. 
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Table  I. 


Population  Doubling  Time  (hours) 


Untreated 

C3  Treated 

HME 

34h 

36h 

HME-p-gal 

35h 

34h 

HME-RhoC 

33h 

36h 

SUM149 

39h 

39h 

Anchorage  Independent  Growth  (number  of 
colonies) 


Untreated 

C3  Treated 

0  +  0 

0  +  0.1 

5  +  0.8 

17  +  7.5 

102  +  5.4 

40  +  13.6** 

75  +  4.9 

47  +  3.3* 

Comparison  of  monolayer  population  doubling  time  and  anchorage  independent  growth  of 
untreated  and  C3  treated  HME,  HME  transfectants  and  SUM149  IBC  cell  lines.  Despite 
treatment  of  the  cells  with  C3,  monolayer  population  doubling  time  was  not  affected.  In  contrast, 
the  ability  of  the  RhoC  expressing  HME  and  SUM149  cells  to  grow  under  anchorage  independent 
conditions  was  significantly  reduced  (*  p=0.01,  **  p=0.001). 
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ABSTRACT 


Inflammatory  breast  cancer  (IBC)  is  an  aggressive  form  of  breast  cancer  with  a  5- 
year  disease-free  survival  of  less  than  45%.  Little  is  known  about  the  genetic  alterations 
that  result  in  IBC.  In  our  previous  work,  we  found  that  WISPS  was  specifically  lost  in 
human  IBC  tumors  when  compared  to  stage-matched,  non-IBC  tumors.  We  hypothesize 
that  WISPS  has  tumor  suppressor  function  in  the  breast  and  that  it  may  be  a  key  genetic 
alteration  that  contributes  to  the  unique  IBC  phenotype.  The  full-length  WISPS  cDNA 
was  sequenced  and  cloned  into  an  expression  vector.  The  resulting  construct  was 
introduced  into  the  SUM  149  cell  line  that  was  derived  from  a  patient  with  IBC  and  lacks 
WISPS  expression.  In  soft  agar  assays,  stable  WISPS  transfectants  formed  significantly 
fewer  colonies  than  the  controls.  Stable  WISPS  transfectants  lost  their  ability  to  invade 
and  had  reduced  angiogenic  potential.  WISPS  transfection  was  effective  in  suppressing  in 
vivo  tumor  growth  in  nude  mice.  Mice  bearing  WISPS  expressing  tumors  had  a 
significantly  longer  survival  than  those  with  vector-control  transfectant  tumors.  Our  data 
demonstrate  that  WISPS  acts  as  a  tumor  suppressor  gene  in  the  breast.  Loss  of  WISPS 
expression  contributes  to  the  phenotype  of  IBC  by  regulating  tumor  cell  growth,  invasion 
and  angiogenesis. 
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INTRODUCTION 


Inflammatory  breast  cancer  (IBC)  is  the  most  lethal  form  of  locally  advanced 
breast  cancer  and  accounts  for  approximately  6%  of  ne'w  breast  cancer  cases  annually  in 
the  United  States  (1,2).  It  is  also  a  very  distinct  clinical  and  pathological  form  of  breast 
carcinoma.  It  is  characterized  clinically  by  erythema,  skin  nodules,  dimpling  of  the  skin 
(termed  "peau  d’orange")  and  by  a  very  rapid  onset  of  disease,  typically  progressing 
within  6  months  (1-4).  Pathologically,  carcinomatous  tumor  emboli  spread  through  the 
dermal  lymphatics  which  are  responsible  for  the  clinical  signs  and  symptoms  (2).  IBC  is 
generally  not  associated  with  precursor  lesions  (1,2).  From  the  outset,  IBC  is  highly 
invasive  and  it  appears  to  be  capable  of  metastases  from  its  inception.  It  is  estimated  that 
nearly  all  women  with  IBC  have  nodal  involvement  at  the  time  of  diagnosis,  and  over  one 
third  have  distant  metastases  (3,4).  In  spite  of  new  advances  in  breast  cancer  therapy,  the 
overall  5-year  disease-free  survival  rate  is  less  than  45%  (3,4). 

The  genetic  alterations  underlying  the  development  and  progression  of  IBC  were 
unknown  until  recently.  Our  laboratory  identified  two  genes  that  are  consistently  and 
concordantly  altered  in  human  IBC  when  compared  to  stage-matched,  non-IBC  tumors: 
loss  of  WISP3  and  over-expression  of  RhoC-GTPase  (5). 

WISP3  has  been  identified  as  a  member  of  the  CCN  family  of  proteins,  which 
have  important  biological  functions  in  normal  physiology  as  well  as  in  carcinogenesis 
(6).  There  are  only  two  publications  in  the  literature  on  the  biological  effects  of  WISP3 
and  very  little  is  known  about  the  expression  pattern  and  function  of  this  novel  gene 
(7,8).  We  hypothesize  that  WISP3  may  function  as  a  growth-suppressing  factor  in  breast 
carcinogenesis  and  that  it  may  be  a  key  genetic  alteration  in  IBC  in  particular.  To  test  this 
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hypothesis,  we  set  out  to  determine  whether  restoring  WISPS  expression  in  an  IBC  cell 
line,  SUM149,  could  abrogate  or  modulate  the  highly  malignant  IBC  phenotype.  We 
observed  that  stably  transfected  SUM149/WISP3  cells  exhibited  a  striking  decrease  in 
proliferation  rate,  anchorage  independent  growth,  invasion,  and  tumor  growth  in  nude 
mice  compared  to  empty  vector  transfectants.  This  work  suggests  new  insights  into  the 
role  of  WISPS  in  carcinogenesis  in  general. 
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MATERIALS  AND  METHODS 


Cell  culture 

The  derivation  of  the  SUM149  cell  line  has  been  described  previously  by  Ethier  et 
al  (9).  This  cell  line  was  developed  from  a  human  primary  inflammatory  breast  cancer 
and  has  lost  WISPS  expression  (Figure  1,  lane  F).  Cells  were  cultured  in  Ham’s  F-12 
medium  supplemented  with  5%  FBS,  hydrocortisone  (1  pg/ml),  insulin  (5  |ig/ml), 
fungizone  (2.5  |xg/ml),  Gentamycin  (5  pg/ml)  and  each  of  Penicillin/streptomycin  (100 
p/ml)  at  37G  under  10%  CO2. 

Construction  of  Expression  Vector  and  Transfection 

Total  RNAs  were  isolated  from  human  mammary  epithelial  cells  (HME)  using  a 
Trizol  kit  (Life  Technologies,  Inc.,  Gaithersburg,  MD).  First-strand  cDNA  synthesis  was 
performed  using  1  pg  of  total  RNA  with  AMV  reverse  transcriptase  (Promega, 

Madison,  WI)  and  oligo  (dT)  as  a  primer.  Two  pi  of  the  reaction  mixture  were  used  for 
PCR  amplification.  Human  WISPS  cDNA  was  amplified  by  PCR  using  the  following 
forward  and  reverse  primers:  5’-ATGCAGGGGCTCCTCTTCTGC-S  and  5  - 
ACTTTTCCCCCATTTGCTTG-S’,  under  the  following  conditions:  denaturing  for  1  min 
at  94°C,  annealing  for  1  min  at  58“C,  and  elongation  for  2  min  at  72°C  for  S5  cycles.  The 
PCR  product  was  cloned  into  pGEM-T  Easy  vector  (Promega,  Madison, WI).  The  1.1  kb 
full-length  cDNA  encoding  WISPS  was  excised  by  EcoRI  and  subcloned  into  the  EcoRI 
site  of  pFLAG-CMV4  vector  (Sigma,  Saint  Louis,  Missouri).  The  insert  was  confirmed 
by  DNA  sequencing.  The  plasmids  were  purified.  Subsequently,  the  SUM149  cells  were 
transfected  with  pFlag- WISPS  and  pFlag  control  vector  by  FuGene  TM  6  transfection 
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reagent  (Roch-Boehringer  Mannheim,  Mannheim.  Germany),  and  selected  in  the  medium 
containing  150  ^ig/ml  G418.  The  cells  surviving  during  selection  were  expanded  and 
maintained  in  the  selected  medium. 


Western  Immunoblots 

Western  immunoblots  were  performed  using  the  following  primary  antibodies; 
WISP3  polyclonal  antibody,  p27  p2r^",  PCNA  (Zymed,  San  Francisco,  CA),  cyclin 

E  (SC-247,  Santa  Cruz,  CA),  cyclin  D1  (SC-246,  Santa  Cruz,  CA),  and  actin  (Sigma 
chemical  Co.).  Cells  were  lysed  in  RIPA  buffer  (lx  PBS,  1%  Nonidet  P-40,  0.5%  sodium 
deoxycholate,  0.1%  SDS,  0.1  mg/ml  PMSF,  ImM  sodium  orthovanadate,  and  0.3  mg/ml 
aprotinin;  Sigma  Chemical  Co.).  Whole  cell  lysates  (50  pg)  were  boiled  in  Laemelli 
buffer  for  5  minutes,  separated  by  10%  SDS-PAGE  and  transferred  to  PVDF  membrane. 
Non-specific  binding  was  blocked  by  incubation  with  1.5%  BSA  in  Tris-buffered  saline 
with  0.05%  Tween-20  (Sigma  Chemical  Co.).  Antibody-antigen  complexes  were  detected 
with  an  enhanced  chemiluminescence  kit  (ECL,  Amersham,  Arlington  Heights,  Ill.) 
following  the  manufacture’s  instructions. 


Anchorage-independent  Growth 

Cells  were  seeded  at  a  density  of  1  x  10^  per  35-mm  plate  in  0.3%  agar  and  Ham’s 
F-12  supplemented  with  10%  FBS,  and  plated  on  a  base  of  0.6  %  agar.  Ham’s  F-12  and 
10  %  FBS.  Each  assay  was  performed  in  triplicate.  Plates  were  maintained  at  37°C  under 
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10%  C02  for  3  weeks.  Colonies  greater  than  or  equal  to  100  jxni  in  diameter  were 
counted. 

Annexin  V-FITC  Binding  Assay 

SUM149/WISP3  H  and  L  cells,  and  SUM  149/Flag  control  cells  (1x10^)  were 
tripsinized,  washed  and  incubated  in  binding  buffer  (10  nM  HEPES/NaOH,  140  nM 
NaCl,  2  nM  CaCl)  containing  1  pg/ml  of  Annexin  V-FITC  conjugate  (Clontech,  CA)  for 
10  minutes  in  the  dark.  Cells  were  next  stained  with  propidium  iodide  (20  pg/ml)  and 
analyzed  by  flow  cytometry. 

Monolayer  Growth  Rate 

Monolayer  culture  growth  rate  was  determined  by  qualitative  measurement  of  the 
conversion  of  MTT  (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide, 
Sigma  Chemical  Co.)  to  a  water  insoluble  formazan  by  viable  cells.  Three  thousand  cells 
in  200pl  of  culture  medium  were  plated  in  96-well  plates  and  grown  under  normal 
conditions.  Cultures  were  assayed  at  0,1, 3 ,4  and  5  days  by  the  addition  of  MTT  and 
incubation  for  1  hour  at  37°C.  The  MTT  containing  medium  was  aspirated  and  100  pi 
DMSO  (Sigma  Chemical  Co.)  was  added  to  lyse  the  cells  and  solubilize  the  formazan. 
Absorbance  values  of  the  lysates  were  determined  on  a  Dynatech  MR  5000  microplate 
reader  at  540  nm. 

Anchorage-independent  Growth. 

For  studies  of  anchorage-independent  growth  of  SUM149/FLAG  and 
SUM149/WISP3,  each  well  of  a  6-well  plate  was  first  layered  with  0.6%  agar  diluted 
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with  10%  FBS  supplemented  Ham’s  F-12  medium  complete  with  growth  factors.  The 
cell  layer  was  then  prepared  by  diluting  agarose  at  concentrations  of  0.3%  and  0.6%  with 
10^  cells  in  2.5%  FBS  supplemented  Ham’s  F- 12/1. 5  ml/well.  Plates  were  maintained  at 
37°C  under  10%  CO2  for  3  weeks.  Colonies  greater  than  or  equal  to  100  pm  in  diameter 
were  counted. 

Invasion  and  Intravasation 

To  study  invasion,  the  sea  urchin  extracellular  membrane  (SU-ECM)  invasion 
assay  was  used  (10).  Cells  were  layered  onto  sea  urchin  embryo  extracellular  basement 
membrane  and  allowed  to  invade  for  4  hours.  The  cells  on  the  SU-ECM  were  fixed  using 
paraformaldehyde  and  visualized  under  a  microscope.  Mean  invasion  percentages  were 
calculated  from  2  independent  analysis  of  50-100  random  cells. 

Angiogenesis  and  Angiogenic  Factor  Analysis 

To  study  whether  WISP3  modulates  the  angiogenic  activity  of  IBC,  the  levels  of 
key  pro-angiogenic  factors  known  to  be  secreted  by  IBC  (VEGF,  FGF2,  IL-6,  and  IL-8) 
were  measured  in  the  cell  culture  supernatants  by  ELISA  (1 1).  A  functional  analysis  of 
angiogenesis  of  the  conditioned  media  was  performed.  We  used  the  rat  aortic  assay  in 
which  we  assessed  the  amount  of  new  blood  vessel  growth  elicited  by  the  conditioned 
medium  of  the  WISP3  transfected  cells  (12).  Approximately  1-mm  thick  rings  were  cut 
from  the  aorta  of  a  freshly  sacrificed  rat  and  embedded  into  Matrigel  in  the  center  of  a 
35-mm  dish.  Vessel  outgrowth  from  the  aorta  into  the  Matrigel  was  visually  quantitated 
under  a  light  microscope  and  compared  at  7  and  1 0  days  after  plating. 
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In  Vivo  Tumor  Formation 


Groups  of  5-1 1, 10-week  old,  nude,  athymic  female  mice  were  orthotopically 
injected  into  the  mammary  fat  pad  with  2x10^  cells.  Each  group  was  injected  with  either 
a  control  (SUM149/Flag,  or  wild-type  SUM149)  clone,  one  high  WISPS -expressing 
clone  (H),  or  a  low  WISPS -expressing  clone  (L).  The  clones  were  selected  according  to 
the  WISPS  expression  by  RT-PCR  and  their  anchorage-independent  growth 
characteristics.  Mice  were  then  monitored  weekly  for  tumor  formation  for  8  weeks  and 
for  signs  of  wasting  and  chachexia  as  surrogates  of  survival  for  18  weeks.  If  tumors  were 
present,  tumor  volume  was  calculated  using  the  formula  (1  x  w^  )/2  (were  1  =  length  and  w 
=  width  of  tumor).  Rates  of  tumor  formation  were  analyzed  by  the  Kruskal-Wallis 
method;  tumor  volumes  were  assessed  between  the  groups  by  the  Mann-Whitney  U  test; 
and  the  Kaplan  Meier  analysis  was  performed  to  evaluate  survival.  After  the  mice 
developed  signs  and  symptoms  of  chachexia,  they  were  sacrificed  and  their  tumors  were 
removed.  A  portion  of  each  tumor  (1/3)  was  digested  with  0.1%  collagenase  (Type  I)  and 
50  ug/ml  DNase  (Worthington  Biochemical  Corp.  Freehold,  NJ),  and  RNA  was  collected 
for  RT-PCR  analysis.  The  remainder  of  the  tumor  tissues  were  used  for 
histolopathological  study.  After  removal  of  the  tumors,  part  of  the  tissues  were  fixed  in 
10%  buffered  formalin  and  processed  for  histopathological  evaluation  by  paraffin- 
embedding  and  hematoxylin  and  eosin  staining.  Histological  features  studied  included 
degree  of  anaplasia,  mitotic  activity,  presence  and  amount  of  necrosis,  and  degree  of 
differentiation  (e.g.  glandular  formation). 
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RESULTS 


Transfection  with  the  SUM  149  cell  line  with  WISP3  cDNA 

Figure  1  shows  the  Western  blot  analysis  of  WISPS  protein  in  whole  cell  lysates 
from  4  clones  of  SUM149/WISP3  stable  transfectants,  SUM149/Flag  (transfection 
controls),  SUM  149  wild  type,  and  HME  cells.  We  used  a  specific  anti- WISPS  antibody 
(gift  from  Dr.  Mathew  Warman).  For  subsequent  experiments  we  will  employ 
SUM  1 49/WISPS  clones  with  a  range  of  well-characterized  WISPS  expression. 

WISPS  induces  a  striking  morphologic  change  in  IBC  cell  line 

After  stable  transfection  with  SUM  149/WISPS  H  and  L  clones  and  SUM  149/Flag 
control  we  observed  marked  morphologic  differences  (Figure  2  A).  Whereas  the  control 
SUM  149/Flag  cells  had  a  characteristic  tightly  packed,  cobblestone  appearance,  with  a 
cuboidal  shape  and  high  nuclear  to  cytoplasmic  ratio,  the  SUM  149/WISPS  transfectants 
were  heterogeneous  in  size  and  morphology.  They  became  large,  round,  and  flat  with 
abundant  granular  and  vacuolated  cytoplasm  and  ill-defined  cell  borders.  A  detailed 
ultrastructural  analysis  by  electron  microscopy  demonstrated  that  the  WISPS 
transfectants  exhibited  numerous  cytoplasmic  lysosomal  bodies  surrounded  by  a 
membrane,  some  containing  electron-dense  material  and  invaginated  and  convoluted 
nuclei  (Figure  2b).  These  morphologic  features  have  been  described  in  cells  undergoing 
senescence  (IS, 14). 
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WTSP3  partially  abrogates  angiogenesis  in  IBC 

As  illustrated  in  Figure  3a,  SUM149/WISP3  clones  produce  significantly 
decreased  levels  of  FGF2  (bFGF)  and  VEGF,  key  pro-angiogenic  factors.  In  addition,  the 
levels  of  IL-6  were  significantly  decreased.  To  investigate  whether  the  decreased 
production  of  angiogenic  factors  induced  by  restoration  of  WISP3  expression  resulted  in 
the  inhibition  of  neovascularization,  we  carried  out  rat  aortic  ring  assays.  After  10  days  of 
incubating  a  rat  aortic  ring  with  the  cell  culture  supernatant,  fewer  vessels  were  formed 
by  SUM149/WISP3  cells  when  compared  to  the  controls  (Figure  3b).  These  results  show 
that  expression  of  WISP3  depressed  the  strength  of  the  tumor-induced  signal  for 
angiogenesis. 

Expression  of  WISP3  reduces  the  proliferation  rate,  anchorage-independent  growth,  and 
the  invasive  ability  of  IBC  cells 

Figure  4a  shows  that  the  proliferation  rate  of  the  SUM  149  cell  line  transfected 
with  WISP3  decreased  significantly  when  compared  to  controls.  No  significant 
differences  in  proliferation  rate  were  detected  between  the  high  and  low  WISP3 
expressing  clones. 

As  anchorage  independent  growth  is  a  hallmark  of  malignant  transformation,  we 
investigated  whether  expression  of  WISP3  in  highly  malignant  SUM  149  cell  line 
abolished  this  feature.  After  14  days  of  growth  in  soft  agar  both  the  high  and  low  WISP3 
expressing  clones  formed  significantly  fewer  and  smaller  colonies  than  the  control  cells 

(Figure  4b). 
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The  ability  of  the  transfectants  to  invade  and  intravasate  was  studied  using  the  sea 
urchin  extracellular  membrane  (SU-ECM)  invasion  assay.  This  assay  provides  a  uniform 
biological,  serum-free,  basement  membrane  that  closely  mimics  the  type  of  extracellular 
matrix  that  cells  encounter  in  vivo.  Transfection  with  WISP3  completely  abolished  the 
ability  of  the  IBC  cells  to  invade,  compared  to  the  empty  vector  transfectant  (Figure  4c). 
As  was  the  case  in  the  proliferation  rates  and  anchorage-independent  growth 
characteristics,  no  statistically  significant  differences  in  invasion  were  noted  between  the 
high  and  low  WISPS  expressing  clones. 

WISPS  expression  inhibits  cellular  growth  by  inducing  accumulation  of  d27'"p*  and 
p21'^^^  in  cancer  cells  and  induces  apoptosis. 

Based  on  the  morphologic  changes  of  cellular  senescence  induced  by  transfection 
with  WISPS,  we  set  out  to  investigate  whether  WISPS  caused  alterations  in  the  regulation 
of  the  cell  cycle,  that  could  in  turn  be  contributing  to  the  inhibition  of  cellular 
proliferation,  anchorage-independent  growth,  and  in  vivo  tumor  growth.  To  elucidate  the 
possible  effect  of  WISPS  on  the  cell  cycle  regulators,  the  round  and  vacuolated  cells 
(SUM  149/WISPS)  were  assayed  for  the  presence  of  several  key  cell  cycle  regulators  by 
Western  immunoblots.  Interestingly,  when  compared  to  the  control  cells,  the  level  of 
p27'''‘’'  and  p21"'®^  were  increased  in  the  WISPS  transfectants  (Figure  4d).  Concordantly, 
SUM149/WISPS  exhibited  decreased  levels  of  cyclin  E  and  PCNA,  a  reliable  marker  for 
cellular  proliferation  (Figure  5). 

The  percentage  of  apoptotic  cells  was  significantly  increased  by  WISPS 
expression  as  detected  by  the  Annexin  V  assay  by  flow  cytometry.  SUM149/WISPS 
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transfectants  had  30%  apoptotic  cells  when  compared  to  SUM  149/Flag  control  cell  line 
with  only  13%  apoptotic  cells. 

WTSP3  inhibits  in  vivo  tumor  growth  and  improves  survival  of  mice 

Given  that  W1SP3  affects  cell  cycle  regulation,  proliferation  rates  and  anchorage 
independent  growth,  we  investigated  the  effect  of  restoration  of  WISP3  expression  on 
SUM  149  xenograft  tumor  growth  and  survival  of  the  host  mice.  Three  groups  of  10-1 1 
mice  were  injected  with  SUM149/W1SP3  L,  SUM149/WISP3  H,  and  a  control  group 
(SUM  149/Flag  and  SUM  149  wild  type,  5  mice  each).  Mice  with  orthotopically  implanted 
tumor  cells  were  monitored  weekly  for  tumor  formation  over  an  8-week  period.  By  the 
8^'’  and  final  week  of  the  experiment,  palpable  tumors  developed  in  all  mice  that  received 
injection  of  the  SUM149/WISP3  L  clone,  in  10  of  1 1  mice  that  received  injection  of  the 
SUM149/WISP3  H  clone,  and  in  9  of  10  mice  given  injection  of  control  clones  (5 
injected  with  SUM149-FLAG,  and  5  injected  with  wild-type  SUM149).  The  rate  of 
tumor  formation  between  WISP3  transfectants  and  controls  differed  (Table  1). 
Specifically,  the  clones  transfected  with  WISP3  formed  tumors  at  a  slower  rate  than  the 
controls  (p=0.05).  Moreover,  when  tumor  volume  was  compared  at  each  week  (starting  at 
week  2),  it  was  significantly  lower  in  the  tumors  formed  by  SUM149/WISP3 
transfectants  than  in  the  tumors  formed  by  the  controls  (p=0.05).  When  the  slopes  of  the 
regression  lines  were  compared,  striking  differences  were  found  between  the  WISP3 
transfectants  and  control  cells  (p<0.001.  Figures  5a  and  5b).  At  week  5,  two  tumors  from 
each  clone,  and  from  the  control  were  excised.  WISP3  mRNA  expression  was  confirmed 
by  quantitative  RT-PCR.  Levels  of  WISP3  expression  were  found  to  be  similar  to  those 
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of  preinjection.  Taken  together,  these  results  demonstrate  that  tumors  formed  by 
SUM149/WISP3  take  longer  to  grow  and  are  smaller  than  controls. 

To  address  whether  the  tumors  formed  by  the  transfectants  expressing  WISPS 
were  pathologically  different  from  the  control,  histopathologic  study  of  the  tumors  was 
carried  out.  As  shown  in  Figure  5a,  SUM149/Flag  tumors  were  highly  anaplastic,  had 
strikingly  atypical  cells  forming  solid  aggregates,  with  no  glandular  formation,  a  sign  of 
poor  differentiation,  and  extensive  areas  of  necrosis.  The  cells  exhibited  high  mitotic 
activity  (mean  88  mitoses  per  10  high  power  field)  and  numerous  abnormal  mitoses.  In 
contrast,  the  tumors  derived  from  SUM149/WISP3  clones  had  less  nuclear  pleomorphism 
and  slightly  better  differentiation  evidenced  by  occasional  gland  formation.  These  tumors 
had  less  necrosis  and  the  mitotic  activity  was  greatly  decreased  (mean  1 1  mitoses  per  10 
high  power  fields).  The  mice  injected  with  the  high  WISP3  expressing  cells 
(SUM149/WISP3  (H))  had  a  significantly  better  survival  than  the  controls  and  the  low 
WISP3  expressing  cells  (SUM149/WISP3  (L))  (p=0.02,  Wilcoxon  log-rank  test.  Figure 
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DISCUSSION 


WISPS  is  located  in  chromosome  6q21-22  and  encodes  for  a  54  amino  acid,  36.9 
IcDa  protein  with  the  modular  architecture  of  the  CCN  family  of  proteins  which  includes 
connective  tissue  growth  factor  (CTGF),  Cyr61,  Nov,  WISPl  and  WISP2  (6-8,15-20). 

The  CCN  proteins  participate  in  fundamental  biological  processes  such  as  cell 
proliferation,  migration,  wound  healing,  angiogenesis  and  tumorigenesis  (6).  They  have  a 
range  of  biological  properties  that  might  be  dependent  upon  the  cellular  context  (6). 

In  tumorigenesis,  Cyr61  and  WISP  I  were  reported  to  act  as  positive  regulators  of 
cell  growth  (7,15-20);  Nov  expression  was  found  to  correlate  with  the  development  of 
metastases  in  Ewing's  sarcomas,  prostate  cancer,  and  renal  cell  carcinomas  (6),  whereas  it 
was  found  to  act  as  a  negative  growth  regulator  of  glioblastoma  cell  lines  (21). 
Furthermore,  in  primary  human  colonic  adenocarcinomas,  the  expression  of  WISP2  was 
significantly  decreased  compared  to  normal  colon  (8),  and  it  was  not  detected  in  the 
epithelial  tumor  cells  of  mammary  carcinoma  chained  from  Wnt-1  transgenic  mice  (8). 
Similarly,  in  our  study  we  could  not  detect  WISPS  mRNA  expression  in  80%  of  the  IBC 
human  tissues  studied  (5).  The  expression  of  ELMl/WISPl,  which  had  been  reported  to 
suppress  the  metastatic  potential  of  murine  melanoma  cells  (16),  was  significantly 
increased  in  most  human  colonic  carcinomas  (8,20).  These  data  provide  compelling 
evidence  that  the  CCN  proteins  may  have  opposing  functions  in  carcinogenesis  in 
different  cell  types  and  tissues. 

There  are  only  two  previous  publications  in  the  literature  on  the  biologic 
properties  of  WISPS  (7,8).  In  one  of  these  studies,  the  WISPS  gene  was  significantly 
over-expressed  in  human  colon  carcinoma  (7)  whereas  Hurvitz  et  al  found  loss  of 
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function  mutations  in  the  WISP3  gene  to  be  associated  with  progressive 
pseudorheumatoid  dysplasia  in  humans  (8).  Patients  with  progressive  pseudorheumatoid 
dysplasia  due  to  WISPS  loss-of-fimction  mutations  have  not  been  reported  to  have  higher 
rates  of  cancer;  however  this  has  not  been  systematically  sought  in  this  cohort  (8).  Our 
data  provide  evidence  that  WISPS  has  tumor  suppressor  function  in  the  mammary  gland. 

Using  a  modified  version  of  the  differential  display  technique  and  in  situ 
hybridization  of  human  breast  cancer  tissues,  we  found  that  WISPS  is  lost  m  80%  of  IBC 
and  in  21%  of  stage  matched,  non  IBC  tumors  (p=0.001S,  Fisher’s  exact  test)  (5).  WISPS 
loss  was  found  in  concert  with  RhoC-GTPase  over-expression  in  90%  of  archival  IBC 
patient  samples,  but  not  in  stage-matched  non-IBC  tumors  (5).  Our  laboratory 
demonstrated  that  RhoC-GTPase  over-expression  produces  a  motile  and  invasive 
phenotype  in  human  mammary  epithelial  cells,  primarily  through  formation  of  actin 
stress  fibers  and  focal  adhesion  points  (22).  We  hypothesized  that  loss  of  expression  of 
WISPS  contributes  to  the  development  of  the  IBC  phenotype  by  altering  angiogenesis 
and  tumor  growth,  therefore  complementing  the  role  of  RhoC-GTPase  over-expression. 

One  of  the  features  that  define  the  IBC  phenotype  as  unique  is  its  rapid 
progression,  with  fast  growth  and  invasion,  making  it  the  most  lethal  form  of  locally 
advanced  breast  cancer  (1-4).  IBC  is  characterized  by  a  rapid  onset  of  disease,  typically 
arising  within  6  months,  and  by  the  time  of  diagnosis,  the  majority  of  patients  have 
locoregional  and  distant  metastatic  disease  (1-4).  Transfection  of  the  IBC  cell  line 
SUM  149  with  WISPS  cDNA  inhibited  some  of  these  key  phenotypic  characteristics. 

The  proliferation  rate  of  highly  aggressive  SUM  149  cell  line  was  decreased,  and 
growth  under  anchorage  independent  conditions  was  greatly  reduced  in  the  stable  WISPS 
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transfectants.  In  comparison  with  the  control  cells,  the  WISP3  transfectants  produced  6- 
16  -fold  less  colonies  than  the  control  cells.  Similarly,  the  effect  of  transfection  with 
WISPS  on  cancer  cell  invasion  was  striking.  Using  the  sea  urchin  invasion  assay,  a 
system  that  closely  resembles  the  extracellular  matrix  that  cells  encounter  in  vivo,  the 
WISPS  transfectants  did  not  invade,  when  compared  to  controls.  Furthermore, 
transfection  with  WISPS  cDNA  greatly  reduced  tumor  growth  in  vivo.  Interestingly, 
transfection  with  WISPS  also  resulted  in  a  decrease  in  the  rate  of  tumor  uptake. 

Another  feature  that  makes  IBC  unique  is  its  high  angiogenic  and  angioinvasive 
potential.  We  proved  that  WISPS  suppressed  pathologic  neovascularization  by  reducing 
the  levels  of  key  pro-angiogenic  factors,  FGF2,  VEGF,  and  IL-6. 

Although  the  mechanism  of  action  of  the  CCN  proteins  in  general  and  of  WISPS 
in  particular  has  not  been  elucidated,  there  are  several  candidates.  The  first  of  these  could 
be  by  regulating  nuclear  cycling  and/or  apoptotic  functions  (2S-24).  We  observed  a 
marked  morphologic  change  in  the  SUM  149  cell  line  after  transfection  with  WISPS 
cDNA.  Histopathologic  study  of  the  tumors  developed  in  nude  mice  revealed  that  those 
derived  from  the  WISPS  transfectants  had  a  significant  reduction  in  the  mitotic  activity, 
as  well  as  better  differentiation  and  less  cellular  and  nuclear  pleomorphism.  To  better 
understand  these  morphologic  changes,  we  studied  the  levels  of  key  cell  cycle  regulators 
and  apoptosis.  The  levels  of  the  cell  cycle  inhibitors  p27'"'’‘  and  p2r''®^  were  markedly 
increased  by  WISPS  expression,  and  cyclin  E  was  concordantly  decreased.  Consistent 
with  these  cell-cycle  specific  gene  expression  changes,  the  percentage  of  apoptotic  cells 
was  also  increased  in  the  WISPS  transfectants.  These  data  suggest  that  in  the  mammary 
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gland,  WISPS  expression  may  inhibit  cancer  cell  growth  through  modulation  of  the  cell 
cycle  regulation  and  apoptosis. 

A  second  possible  mode  of  tumor  suppression  activity  for  WISPS  is  by  regulating 
angiogenesis  (6,15).  As  the  tumor  grows,  it  requires  and  promotes  an  increase  in 
neovascularization.  This  activation  of  the  angiogenic  switch  involves  the  up-regulation  of 
angiogenic  inducers  and/or  down-regulation  of  angiogenic  inhibitors.  Our  results  show 
that  WISPS  expression  induces  a  reduction  in  the  level  of  key  pro-angiogenic  factors 
which  results  in  a  decrease  in  functional  neovascularization. 

A  third  mechanism  of  WISPS  tumor  suppression  could  be  by  binding  IGF-like 
ligands.  WISPS  has  the  modular  architecture  of  the  CCN  proteins  and  consists  of  four 
domains:  an  IGF-binding  protein  domain,  a  Von  Willebrand  factor  domain,  a 
thrombospondin  1  domain,  and  a  C  terminal  domain  (6-8,15,16).  The  N-termmal  domain 
includes  the  first  12  cysteine  residues  and  contains  the  highly  conserved  IGF  binding 
consensus  sequence  (GCGCCXXC)  which  specifically  binds  IGF  (25-26).  The 
thrombospondin  type  1  domain  (TSPl)  is  presumably  involved  in  inhibition  of 
angiogenesis  (6).  The  carboxy-terminal  domain  (CT)  is  present  in  all  CCN  proteins 
described  to  date  and  forms  a  cysteine  knot.  The  protein  is  folded  into  two  highly  twisted 
antiparallel  pairs  of  beta-strands  and  contains  three  disulfide  bonds  that  may  participate  in 
dimerization  and  receptor  binding.  The  CT  domain  does  not  appear  to  be  as  critical  in 
IGF  binding  as  the  N-terminal  region  that  contains  the  IGF-binding  protein  motif  (25-26). 
Although  WISP3  may  function  in  tumorigenesis  through  modulation  of  IGF  binding,  this 
is  less  likely  since  IGF-binding  activity  could  not  be  demonstrated  for  other  members  of 
the  CCN  family  (6).  We  are  currently  investigating  this  possibility  in  mammary  tissue. 
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In  summary,  we  have  proven  that  restoring  expression  of  WISP3  into  an 
aggressive  IBC  cell  line,  SUM  149,  inhibited  cellular  proliferation,  drastically  decreased 
angiogenesis,  inhibited  invasion,  and  decreased  anchorage-independent  growth,  all 
hallmarks  of  malignant  transformation.  Restoration  of  WISP3  expression  resulted  in  a 
morphologic  alteration  and  induced  tumor  cell  apoptosis  with  concordant  molecular 
changes  in  cell  cycle  specific  genes,  and  p2r^".  Finally,  when  SUM149  cells 

transfected  with  WISP3  were  injected  into  female  athymic  nude  mice,  the  rate  of  tumor 
formation  and  the  tumor  volume  were  markedly  decreased  when  compared  to  controls. 
These  data  demonstrate  for  the  first  time  that  WISP3  has  strong  tumor  suppressor 
function  in  the  mammary  gland.  Given  the  seemingly  specific  role  that  WISP3  plays  in 
the  development  of  IBC,  our  work  may  lead  to  the  development  of  novel  therapies  that 
replace  or  mimic  WISP3  function  to  treat  this  particularly  challenging  form  of  breast 
cancer. 
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FIGURE  LEGENDS 


Figure  1.  Western  blot  using  a  specific  anti-WISP3  antibody  demonstrates  successful 
transfection  and  expression  of  WISPS  in  SUM  149  cells  (lanes  A-D).  Lane  E:  transfection 
control  (SUM  149/Flag).  Lane  F:  wild  type  SUM149.  Lane  G:  HME  cells  with  normal 
expression  of  WISPS. 

Figure  2.  a.  Phase  contrast  microscopy  showing  the  vacuolization  and  morphologic 
changes  induced  by  restoring  WISPS  expression  in  SUM149  cells.  A.  SUM149/Flag 
(controls).  B:  SUM149/WISPS  (X  200).  b  Electron  microscopy.  A.  SUM149/Flag,  and  B. 
SUM149/WISPS  transfected  cell  showing  a  prominent  intracytoplasmic  dense  vacuole. 


Figure  3.  a.  Decrease  in  key  angiogenic  factors  measured  by  ELISA,  as  a  result  of 
restoration  of  WISPS  expression  in  SUM  149  cells.  Results  are  expressed  as  mean±  SD.  * 
p<0.05.  b.  Rat  aortic  ring  assay  showing  marked  decrease  in  new  vessel  formation  from 
the  pre-existing  aortic  ring  bathed  in  conditioned  media  from  SUM  149/WISPS  cells  (B), 
and  SUM149/Flag  controls  (A).  (100  X) 

Figure  4.  a.  Effect  of  stable  WISPS  transfection  on  the  proliferation  of  SUM  149  cells 
studied  with  the  MTT  assay.  Results  are  expressed  as  mean  ±  SD  of  three  independent 
experiments.  S,000  cells  were  assessed  in  each  plate,  b.  Anchorage-independent  growth 
in  soft  agar.  Restoration  of  WISPS  in  SUM  149  cell  line  greatly  decreased  the  number  of 
the  colonies  formed,  c.  Restoration  of  WISPS  expression  in  SUM  149  cell  line  abolished 
its  invasiveness.  Results  are  expressed  as  mean  ±  SD.  d.  Western  immunoblot  of  cell 
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culture  media  of  control  (SUM  149/FLAG),  high  and  low  WISP3  expressing  clones  using 
antibodies  for  p27kipl,  p21wafl/cipl,  cyclin  E,  and  PCNA. 


Figure  5.  a  top  SUM  149  cells  transfected  with  WISPS  (A)  formed  smaller  tumors  than 
SUM  149/Flag  controls.  Pictures  were  taken  5  weeks  after  injection  (B).  a  bottom. 
Pathological  features  of  the  tumors.  The  tumors  formed  by  SUM149/Flag  controls  are 
pleomorphic,  with  extensive  necrosis  and  mitoses.  The  tumors  formed  by  the 
SUM149/WISP3  clones  are  better  differentiated,  the  cells  are  smaller,  there  is  less 
necrosis  and  mitoses  (hematoxylin  &  eosin  stain,  light  microscopy,  X400).  b.  Effect  on 
tumor  volume  of  restoration  of  WISP3  in  SUM  149  cells.  When  the  slopes  of  the  curves 
were  compared,  a  significant  difference  was  found  between  the  transfectants  and  controls 
(p<0.001).  No  difference  was  detected  between  the  high  and  low  WISP3  expressing 
clones.  Results  are  expressed  as  mean  ±  SEM.  Wild  type  SUM  149  were  represented 
together  with  SUM  149/FLAG  because  no  statistically  significant  difference  between  the 
2  groups  was  found,  c.  Kaplan  Meier  analysis  of  survival  of  mice  injected  with  high  and 
low  WISP3  expressing  clones  compared  to  control  clones.  Wild  type  SUM  149  are 
represented  together  with  SUM  149/Flag  because  no  statistically  significant  difference 
between  the  2  groups  was  found.  Mice  injected  with  the  high  WISP3  expressing  clone 
had  a  significantly  better  survival  than  mice  injected  with  the  control  clones  (Log  rank 
p=0.02).  No  differences  were  found  between  mice  injected  with  the  low  WISP3 
expressing  clone  and  the  control. 
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Table  1.  Rate  of  tumor  formation  after  orthotopic  injection  in  the  mammary  fat  pad  of 
SUM149  wild  type,  SUM149/FLAG,  high  (SUM149/WISP3  H),  and  low 
(SUM149/WISP3  L)  WISP3  expressing  clones  in  female  athymic  nude  mice.  Tumors 
formed  by  the  WISP3  transfectants  tended  to  take  a  longer  time  to  develop  than  tumors 
formed  by  the  control  cells  (p=0.05). 


2  weeks  n  (%) 

4  weeks  n  (%) 

6  weeks  n  (%) 

8  weeks  n  (%) 

SUM  149  wild  type 

5/5  (100) 

5/5  (100) 

5/5  (100) 

5/5  (100) 

SUM  149/FLAG 

4/5  (80) 

4/5  (80) 

4/4  (80) 

4/5  (80) 

SUM149/WISP3  H 

9/1 1  (82) 

10/11  (91) 

10/11  (91) 

10/11  (91) 

SUM149/WISP3  L 

3/10(30) 
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Abstract 


The  most  important  factor  in  predicting  outcome  in  patients  with  early  breast 
cancer  is  the  stage  of  the  disease.  There  is  no  robust  marker  capable  of  identifying 
invasive  carcinomas  that  despite  their  small  size  have  a  high  metastatic  potential,  and  that 
would  benefit  from  more  aggressive  treatment.  RhoC  GTPase  is  a  member  of  the  Ras- 
superfamily  that  is  involved  in  cell  polarity  and  motility.  We  hypothesized  RhoC 
expression  would  be  a  good  marker  to  identify  breast  cancer  patients  with  high  risk  of 
developing  metastases  and  would  be  useful  in  the  clinical  setting.  Therefore,  we  set  out  to 
develop  a  specific  RhoC  antibody  that  could  be  used  by  immunohistochemistry  (IHC), 
and  characterized  RhoC  protein  expression  in  normal,  benign,  premalignant,  and 
malignant  breast  disease,  with  special  focus  in  small  (<1  cm)  invasive  carcinomas  with 
metastatic  potential.  We  evaluated  127  specimens  from  1 16  patients.  RhoC  specific 
antibody  was  obtained  by  immunizing  rabbits  with  a  highly  immunogenic  and  unique 
epitope  of  the  RhoC  protein,  and  confirmed  by  Western  blot.  Immunohistochemistry  was 
performed  on  formalin-fixed,  paraffin-embedded  tissues  using  this  polyclonal  antibody  at 
1:1500  dilution.  Immunostaining  intensity  was  graded  0-3+  (0-1+  was  considered 
negative,  and  2-3+  was  considered  positive).  RhoC  was  not  expressed  in  any  of  the 
normal  (5  cases),  fibrocystic  changes  (5),  atypical  hyperplasia  (7),  or  ductal  carcinoma  in 
situ  (11),  but  was  expressed  in  23  of  52  invasive  ductal  carcinomas,  and  exclusively  in 
those  that  developed  metastatic  disease.  RhoC  protein  expression  strongly  correlated  with 
tumor  stage  (p<0.001).  Of  the  invasive  carcinomas  smaller  than  1  cm,  RhoC  protein  was 
exclusively  expressed  in  4  of  5  (80%)  tumors  that  metastasized,  and  in  none  (0  of  5) 
tumors  that  did  not  metastasize  (p=0.05).  Eight  of  10  primary  inflammatory  breast  cancer 


(IBC)  tximors  expressed  RhoC  protein.  This  is  the  first  study  that  characterizes  the 
expression  of  RhoC  in  normal  breast,  and  in  breast  disease.  RhoC  overexpression  occurs 
once  the  cancer  cells  have  acquired  invasive  capabilities  in  non-IBC  invasive  carcinomas 
In  IBC,  RhoC  is  consistently  expressed  and  may  be  an  early  event.  RhoC  appears  to  be  a 
marker  of  metastatic  potential  in  breast  cancer  in  general,  and  in  small  (<lcm)  tumors  in 
particular.  Although  further  studies  are  needed  to  confirm  and  expand  our  results,  RhoC 
overexpression  is  a  candidate  marker  capable  of  identifying  small  invasive  carcinomas 
that  have  high  metastatic  potential,  and  may  guide  therapeutic  interventions. 


Introduction 


Breast  cancer  is  the  most  common  type  of  life-threatening  cancer,  and  the  second 
most  common  cause  of  cancer  related  deaths  of  women  in  the  Western  world.  The  most 
important  factor  in  predicting  patient  outcome  is  the  stage  of  the  disease  (1-3).  Although 
in  general,  the  more  aggressive,  the  more  rapidly  growing,  and  the  larger  the  primary 
neoplasm,  the  greater  the  likelihood  that  it  will  metastasize  or  already  has  metastasized, 
this  is  not  always  the  case.  There  are  many  small  breast  cancers  with  a  highly  aggressive 
behavior  and  discouraging  outcome  that  remain  under  treated  because  there  is  no  marker 
capable  of  identifying  them. 

RhoC  GTPase  is  a  member  of  the  Ras-superfamily  of  small  guanosine 
triphosphatases  (GTPases).  Activation  of  Rho  proteins  leads  to  assembly  of  the  actin- 
myosin  contractile  filaments  into  focal  adhesion  complexes  that  lead  to  cell  polarity  and 
facilitate  motility  (4-6).  In  a  recent  study  from  our  laboratory,  we  characterized  RhoC  as 
a  transforming  oncogene  for  human  mammary  epithelial  cells,  whose  overexpression 
results  in  a  highly  motile  and  invasive  phenotype  that  recapitulates  the  most  lethal  form 
of  locally  advanced  breast  cancer,  inflammatory  breast  cancer. 

We  hypothesized  that,  given  the  known  functions  of  the  RhoC  proteins,  RhoC 
expression  would  be  a  good  marker  to  identify  breast  cancer  patients  with  highly 
aggressive  tumors  and  guide  therapeutic  interventions  before  the  development  of 
metastases.  Moreover,  immunohistochemistry  is  a  reproducible  and  technically  simple 
procedure  that  would  allow  to  test  for  RhoC  protein  expression  in  the  clinical  setting.  We 
set  out  to  characterize  the  expression  of  RhoC  protein  in  normal,  benign,  premalignant. 


and  malignant  breast  disease,  with  special  focus  on  small  (<1  cm)  invasive  carcinomas 
with  high  metastatic  potential  and/or  known  metastases. 

Materials  and  Methods 

Tissue  Specimens. 

We  evaluated  127  specimens  from  116  patients.  Breast  tissues  were  obtained  from 
surgical  resections  and  biopsies  from  the  breast  and  sites  of  distant  metastases.  These 
cases  were  selected  from  the  surgical  pathology  files  at  the  University  of  Michigan, 
reviewed  by  the  study  pathologist  (CGK),  and  placed  in  the  following  pathological 
categories;  (a)  normal  breast  parenchyma  (5  cases),  (b)  fibrocystic  changes  (5  cases),  (c) 
fibroadenomas  (3  cases),  (d)  atypical  ductal  hyperplasia  (7  cases),  (e)  ductal  carcinoma  in 
situ  (DCIS,  1 1  cases),  (f)  invasive  ductal  carcinoma  (61  cases),  (g)  other  types  of  invasive 
carcinoma  (lobular,  13  cases;  mucinous,  6  cases;  medullary,  2  cases),  and  (h)  distant 
metastases  (14  cases).  Invasive  carcinomas  were  subdivided  by  stage  into  stages  I,  II,  III, 
and  IV.  Patient  identifiers  were  removed  for  subsequent  analyses. 

Development  of  RhoC  specific  antibody. 

Since  RhoC  GTPase  has  high  homology  to  other  members  of  the  Rho  family, 
RhoA  and  RhoB,  both  at  the  cDNA  and  the  protein  level,  most  available  antibodies  are 
cross  reactive  with  RhoA,  RhoB,  and  RhoC.  To  attempt  to  develop  an  antibody  specific 
for  RhoC  and  not  for  other  Rho  family  members,  a  peptide  representing  a  unique  epitope 
was  synthesized  at  the  University  of  Michigan  Protein  Core.  The  C-terminal  region 
peptide  (GLVQVRKNKRRRGCPIL)  was  chosen  due  to  its  uniqueness  and  antigenic 


potential.  Following  injection  in  rabbits,  immune  sera  was  obtained  following  standard 
techniques.  Western  blot  confirmed  the  specificity  of  the  antibody  for  RhoC  (Figure  1). 
Specifically  no  cross-reaction  was  observed  to  recombinant  RhoA. 

Immunohistochemistry 

Immunohistochemistry  was  performed  on  formalin-fixed,  paraffin-embedded 
tissue  sections  that  were  cut  4  pm  thick  and  stained  with  polyclonal  anti-RhoC  antibody. 
The  antibody  was  tittered  and  used  at  a  1 :1500  dilution  for  30  minutes  at  room 
temperature,  with  no  previous  antigen  retrieval.  The  detection  reaction  followed  the  Dako 
Envision+  System  Peroxidase  kit  protocol  (Dako,  Carpinteria,  CA).  Diaminobenzidine 
was  used  as  chromogen  and  hematoxylin  was  used  as  counter  stain.  As  positive  controls 
we  used  tumor  xenografts  from  a  cell  line  known  to  overexpress  RhoC  (SUM  149)  and 
fi'om  human  mammary  epithelial  cells  transfected  with  RhoC,  and  patient  tumor 
specimens  previously  demonstrated  to  overexpress  RhoC  by  in  situ  hybridization  (7). 

Interpretation  of  stains 

Since  RhoC  protein  interacts  with  the  contractile  cytoskeleton  of  the  cell  and  is 
localized  to  the  submembrane  space,  cytoplasmic  stain  was  expected.  Not  surprisingly, 
myoepithelial  cells  and  vascular  smooth  muscle  cells  were  strongly  positive  in  all  cases, 
thus  serving  as  consistent  internal  positive  controls  (Figure  2).  The  intensity  of 
cytoplasmic  staining  was  scored  as  0-3+,  by  comparison  to  the  positive  internal  controls. 
Diffuse,  moderate  to  strong  c5l;oplasmic  staining  characterized  RhoC-positive  cells 
(scores  2+  and  3+,  Figures  2,  3  and  4).  RhoC-negative  cells  were  devoid  of  any 


cytoplasmic  staining  or  contained  faint,  equivocal  staining  (scores  0  and  1+,  Figures  2 
and  5). 

Statistical  Analysis 

Fisher’s  exact  test  was  used  to  assess  differences  in  RhoC  expression  between 
invasive  carcinoma  of  different  stages,  and  between  invasive  carcinomas  <1  cm  with  and 
without  metastases.  Fisher’s  exact  test  was  also  performed  to  study  whether  RhoC 
expression  was  significantly  different  in  IBC  primary  tumors  vs  lymphatic  emboli. 

Results 

RhoC  is  not  expressed  in  normal  breast,  fibrocystic  changes  or  preinvasive  breast  disease 
We  studied  5  cases  of  normal  breast  parenchyma  and  5  cases  of  fibrocystic 
changes,  obtained  from  reduction  mammoplasties  and  breast  biopsies.  RhoC  was  not 
detectably  expressed  in  the  ductal  epithelium  in  any  cases  (Figure  2A).  In  addition,  the  3 
fibroadenomas  tested  revealed  no  RhoC  protein  expression.  No  RhoC  protein  expression 
was  seen  in  any  cases  of  atypical  ductal  hyperplasia  (7  cases)  low  grade  ductal  carcinoma 
in  situ  (6  cases),  or  high  grade  ductal  carcinoma  in  situ  (5  cases)  (Figure  2B).  All  cases 
however  had  consistent  and  strong  RhoC  staining  of  myoepithelial  cells  and  vascular 
smooth  muscle  which  served  as  internal  positive  control  (Figure  2). 


RhoC  is  exclusively  expressed  in  invasive  carcinomas  with  metastases  and  its  expression 
increases  with  primary  tumor  stage 

Moderate  and  strong  RhoC  protein  expression  (scores  2+  and  3+)  was  detected  in 
23  of  the  52  (44%)  primary  invasive  ductal  carcinomas  (Table  1).  Table  2  shows  that 
only  the  invasive  ductal  carcinomas  that  developed  metastases  expressed  RhoC  protein, 
in  contrast  to  none  of  the  invasive  carcinomas  without  metastases  (p  <0.05).  Not 
surprisingly,  when  invasive  ductal  carcinomas  were  categorized  by  stage,  a  strong 
correlation  was  found  between  RhoC  protein  expression  and  tumor  stage.  Specifically, 
the  higher  the  stage,  the  higher  the  frequency  of  RhoC  expression  (p<0.001.  Figure  3). 

Eighty  per  cent  of  primary  IBC  expressed  RhoC  protein.  The  intralymphatic 
tumor  emboli  seen  in  the  skin  biopsies  obtained  form  IBC  patients  however  were 
negative  (p<0.001.  Figure  2F). 

Regardless  of  the  pathological  tumor  stage,  RhoC  expression  was  not  detected  in 
primary  invasive  lobular  carcinoma,  invasive  typical  medullary  carcinomas,  or  invasive 
mucinous  (colloid)  carcinomas. 

RhoC  expression  identifies  small  invasive  carcinomas  with  high  metastatic  potential 

When  invasive  ductal  carcinomas  were  separated  by  primary  tumor  size,  10 
tumors  (19%)  were  smaller  than  1  cm.  Of  these,  5  had  no  metastases,  4  metastasized  to 
axillary  lymph  nodes,  and  1  developed  metastases  to  axillary  lymph  nodes  and  colon. 
Interestingly,  RhoC  was  moderately  (2+)  expressed  in  4  of  5  (80  %)  tumors  that 
metastasized  and  not  expressed  in  all  5  invasive  carcinomas  that  did  not  metastasize 
(p=0.05,  Figures  2C  and  4). 


RhoC  protein  expression  in  breast  cancer  metastases 

Of  the  14  distant  metastases  (liver  (3),  cerebellum  (1),  bone  (4),  bone  marrow  (1), 
lung  (2),  large  intestine  (2),  ovary  (1),  and  uterus  (1)),  7  (50%)  expressed  RhoC  protein 
(Figure  2E).  After  these  cases  were  categorized  by  histologic  type,  RhoC  was  expressed 
in  5  of  8  (62.5%)  metastases  fi-om  invasive  ductal  carcinomas,  in  2  of  5  (40%)  metastases 
from  invasive  lobular  carcinomas,  and  it  was  negative  in  the  1  metastasis  from  a 
medullary  carcinoma. 

Discussion 

The  Rho  (Ras  homology)  gene  was  first  isolated  from  Aplysia  and  has  been 
shown  to  be  highly  conserved  throughout  evolution.  RhoC  GTPase  is  involved  in 
cytoskeletal  reorganization;  specifically  in  the  formation  of  actin  stress  fibers  and  focal 
adhesion  contacts  (4-6).  Our  laboratory  has  recently  demonstrated  that  RhoC  is 
overexpressed  in  IBC  tumors  by  in  situ  hybridization  (7),  and  has  shown  that 
overexpression  of  RhoC  induced  the  malignant  transformation  of  immortalized  human 
mammary  epithelial  cells  (HME  cells)  by  producing  an  aggressive,  highly  motile,  and 
invasive  phenotype  that  partially  recapitulates  the  behavior  of  IBC  in  humans  (8). 

Based  on  these  results,  we  hypothesized  that  expression  of  RhoC  would  identify 
invasive  carcinomas  that  despite  their  small  size  have  a  highly  invasive  and  metastatic 
potential,  and  thus  develop  into  a  useful  screening  tool  to  be  used  in  the  clinical  arena.  To 
test  our  hypothesis,  we  developed  a  specific  and  sensitive  polyclonal  antibody  directed 
against  the  RhoC  protein  that  can  be  used  for  immunohistochemistry,  and  set  out  to 


characterize  RhoC  protein  expression  in  a  wide  spectrum  of  breast  pathology,  from 
normal,  benign  lesions,  pre-malignant  and  in-situ  carcinomas,  to  invasive  carcinomas  of 
the  breast. 

From  our  results  several  important  conclusions  can  be  drawn.  First,  RhoC 
expression  may  not  be  an  early  event  in  the  development  of  non-IBC  breast  cancer,  but  a 
later  genetic  alteration  that  occurs  once  the  cancer  cells  have  acquired  invasive 
capabilities.  We  showed  that  RhoC  is  exclusively  expressed  in  invasive  carcinomas  and 
not  in  normal  breast,  atypical  intraductal  hyperplasia,  or  ductal  carcinoma  in  situ.  In  IBC, 
the  most  lethal  type  of  locally  advanced  breast  cancer  that  is  highly  metastatic  from  its 
inception,  RhoC  appears  to  occur  early  in  its  development  since  80%  of  all  primary  IBC 
expressed  the  protein.  These  results  support  our  previous  observations  that  RhoC  is 
consistenly  overexpressed  in  IBC  (7).  Interestingly,  none  of  the  dermal  lymphatic  tumor 
emboli  expressed  RhoC.  A  possible  explanation  may  be  that  endolymphatic  tumor  emboli 
are  cohesive  clumps  of  cancer  cells  and  do  not  need  to  acquire  motile  capabilities  until 
they  reach  the  site  of  metastases,  at  which  point  the  tumor  cells  extravasate  and  invade 
new  tissues.  This  argument  is  supported  by  a  previous  study  from  our  laboratory  that 
showed  that  intralymphatic  tumor  emboli  strongly  express  E-cadherin,  an  epithelial  cell¬ 
cell  adhesion  molecule,  that  enables  them  to  form  tightly  cohesive  tumor  emboli  (9). 

Second,  RhoC  appears  to  be  a  marker  of  metastatic  potential  in  breast  cancer.  We 
demonstrated  that  the  majority  of  invasive  ductal  carcinomas  that  developed  metastases 
expressed  RhoC  (23  of  36  cases,  64%),  in  contrast  to  none  of  the  invasive  carcinomas 
without  metastases  (0  of  16  cases).  These  results  are  in  concordance  with  previous  data 
showing  that  overexpression  of  RhoC  GTPase  in  immortalized  human  mammary 


epithelial  cells  leads  to  a  motile  and  invasive  phenotype  able  to  develop  highly  metastatic 
tumors  when  injected  in  nude  mice  (8).  Not  surprisingly,  we  found  that  RhoC  GTPase 
expression  increases  with  the  stage  of  the  invasive  carcinoma,  with  100%  of  stage  IV 
cancers  expressing  the  protein. 

Third,  our  results  suggest  that  RhoC  protein  detection  by  IHC  may  be  a  useful 
tool  capable  of  identifying  small  invasive  ductal  carcinomas  with  high  propensity  to 
metastasize.  Although  the  number  of  cases  in  our  study  is  small,  80%  of  invasive 
carcinomas  smaller  than  1  cm  that  developed  metastases  expressed  RhoC  protein,  in 
contrast  to  none  of  the  small  tumors  that  did  not  metastasize.  We  are  currently  expanding 
the  number  of  cases  to  further  define  these  observations.  This  potential  use  of  RhoC  in 
the  clinical  setting  may  have  a  profound  impact  in  the  management  of  breast  cancer 
patients.  Specifically,  detection  of  RhoC  expression  may  identify  patients  who  will 
benefit  from  an  axillary  lymph  node  dissection  given  the  high  risk  of  metastases. 

Although  primary  invasive  lobular  carcinomas  did  not  express  RhoC,  40%  of 
their  distant  metastases  expressed  the  protein,  suggesting  that  RhoC  expression  may  be 
involved  in  the  metastatic  process  of  this  type  of  invasive  carcinoma,  but  may  be  a  later 
event  than  in  non-IBC  invasive  ductal  carcinomas.  RhoC  expression  does  not  appear  to 
play  a  role  in  the  late  stages  of  other  uncommon  forms  of  invasive  breast  cancer, 
including  medullary  and  colloid  (mucinous)  carcinomas. 

Since  RhoC  protein  is  associated  with  the  contractile  cytoskeleton  of  the  cell,  it  is 
not  surprising  that  it  is  detected  by  immunohistochemistry  in  myoepithelial  cells  and  in 
the  vascular  smooth  muscle  cells.  These  two  cell  types  served  as  consistent  and  strong 
(3+)  internal  positive  controls  for  the  antibody,  and  were  detected  in  all  cases. 
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This  study  is  the  first  examining  the  expression  of  RhoC  GTPase  protein  in  a  wide 
spectrum  of  normal  breast  and  of  breast  disease.  It  is  clear  from  the  results  that  RhoC  is  a 
specific  marker  of  metastatic  disease  in  patients  with  breast  cancer.  More  importantly, 
although  our  data  is  preliminary,  it  reliably  identifies  a  subset  of  patients  with  small 
primary  tumors  and  high  metastatic  potential  that  would  benefit  from  axillary  lymph  node 
staging  and  would  remain  otherwise  unrecognized. 
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Figure  Legends 

FIGURE  1.  Development  of  specific  RhoC  antibody.  A.  Western  immunoblot  showing 
the  specificity  of  the  RhoC  antibody  for  RhoC,  without  cross-reaction  with  recombinant 
RhoA,  shown  in  panel  B.  C.  Immunohistochemistry  using  RhoC  antibody  in  a  tumor 
xenograft  developed  by  injecting  human  mammary  epithelial  cells  overexpressing  RhoC 
in  the  mammary  fat  pad  of  female  athymic  nude  mice.  Strong  staining  of  the  cytoplasm 
of  the  neoplastic  cells.  HME=  human  mammary  epithelial  cells,  HME-P-gal=  transfection 
controls,  FIME-RhoC==  HME  cells  transfected  with  RhoC  gene,  SUM  149=  cell  line 
derived  from  a  patient  with  inflammatory  breast  cancer  that  overexpresses  RhoC. 

FIGURE  2.  Results  of  RhoC  protein  detection  by  immunohistochemistry.  A,  Normal 
terminal  duct  lobular  unit  showing  RhoC  staining  in  the  myoepithelial  cells  and  vessels  in 
contrast  to  the  negative  normal  epithelial  cells. B,  High  grade  ductal  carcinoma  in  situ 
with  central  necrosis  and  no  RhoC  expression.  Note  the  positive  staining  of  the 
surrounding  blood  vessels  and  occassional  myoepithelial  cell  that  serve  as  positive 
internal  controls.  C,  Primary  invasive  ductal  carcinoma  that  measures  0.6  cm  with  RhoC 
protein  expression  (2+).  This  carcinoma  developed  axillary  lymph  node  metastases.  D, 
Primary  stage  3  invasive  ductal  carcinoma  with  strong  (3+)  cytoplasmic  staining  for 
RhoC  protein.  E,  Metastatic  ductal  carcinoma  from  the  breast  to  the  iliac  bone  showing 
strong  RhoC  expression.  F,  Intralymphatic  carcinomatous  embolus  in  a  dermal  lymphatic 
vessel  in  a  patient  with  the  clinical  and  pathological  features  of  inflammatory  breast 
cancer  with  no  RhoC  protein  expression.  Note  the  positive  staining  of  the  endothelial 


cells. 


FIGURE  3.  Increasing  RhoC  expression  with  increasing  stage  of  the  invasive  breast 
carcinoma. 


FIGURE  4.  RhoC  expression  identifies  a  group  of  invasive  ductal  carcinomas  smaller 
than  1  cm  that  developed  axillary  lymph  node  and  distant  metastases. 


Table  1.  RhoC  GTPase  expression  in  normal  breast  and  a  spectrum  of  breast  disease 


Pathology 

Negative 

Positive 

score  0-1+ 

score  2+-3+ 

Normal  Ductal  Epithelium 

5/5 

Fibrocystic  Changes 

5/5 

Fibroadenomas 

3/3 

Atypical  Ductal  Hyperplasia 

7/7 

Ductal  Carcinoma  in  Situ 

Low  Grade 

6/6 

High  Grade 

5/5 

Invasive  Ductal  Carcinoma 

Stage  I 

9/9 

Stage  II 

13/16 

3/16(19%) 

Stage  III(non-IBC) 

5/13 

8/13  (61%) 

IBC 

Primary 

2/10 

8/10(80%) 

Skin-  Lymphatic 

9/9 

Tumor  Emboli 

Stage  IV 

4/4  (100%) 

Metastases 

3/8 

5/8  (63%) 

Invasive  Lobular  Carcinoma 

All  Stages 

13/13 

Metastases 

3/5 

2/5  (40%) 

Invasive  Medullary  and  Colloid 
Carcinoma 


All  Stages  8/8 


Metastases 


1/1 


HME 

HME>p-gal 

HME-RhoC 


